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Li-ion	batteries	dominate	 commercial	use	 in	economically	 important	applications	 such	
as	portable	electronic	devices	and	electric	vehicles.[1]	Tremendous	effort	has	been	dedicated	
to	 improving	 the	 safety	 and	 cycle	 life	 of	 Li-ion	 batteries.[2]	 Unfortunately,	 many	 of	 the	
mechanisms	and	fundamental	atomistic	processes	governing	the	degradation	and	failure	of	Li-
ion	 batteries	 remain	 poorly	 understood.	 Capacity	 fade	 in	 commercially	 relevant	 systems	 can	
broadly	be	traced	back	 to	 the	 interfaces	between	the	cell	components	and	electrolyte	where	
so-called	side	reactions	occur;	such	as	Li	trapping	in	non-active	regions,	loss	of	active	electrode	
material,	gas	evolution,	electrolyte	decomposition,	and	chemical	reactions	with	packaging	and	
current	collectors.[3-5]	Particular	 side	 reactions	dominating	capacity	 fade	vary	with	electrode	
and	electrolyte	chemistry.	Many	of	the	general	trends	and	associated	design	principles	have	not	
been	established	and	are	not	generally	agreed	upon.		
Investigating	 battery	 evolution	 is	 challenging	 as	 many	 structural	 and	 analytical	
characterization	techniques	are	best	suited	for	ex	situ	study.[6-8]	This	can	be	problematic	due	
to	 the	 sensitivity	 of	 such	 systems,	 particularly	 their	 surface	 chemistry,	 to	 the	 ambient	
environment,	 particularly	 H2O	 and	O2.	 Since	 the	 surface	 reactions	 are	 also	 dynamic	 and	 can	
exhibit	time	dependent	relaxations	in	situ	study	is	better	suited	to	elucidating	surface	reaction	
mechanisms.	 This	 work	 in	 this	 dissertation	 develops	 a	 novel	 cross-platform	 in	 situ	 open	 cell	
approach	 to	 carry	 out	 studies	with	 scanning	 electron	microscope	 (SEM),	 X-ray	 photoelectron	
spectroscopy	 (XPS)	and	Auger	electron	spectroscopy	 (AES).	The	cell	was	 first	utilized	 to	study	
the	mechanism	of	lithium	dendrite	growth,	which	imposed	a	safety	concern	for	the	current	Li-
ion	 battery.	 This	 study	 elucidated	 the	 underlying	mechanism	 for	 lithium	 dendrite	 growth	 on	
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carbon,	 which	 presents	 a	 significant	 safety	 risk	 in	 Li-ion	 systems.	 Second,	 the	 open	 cell	
configuration	was	used	 to	 study	 the	 conversion	 anode	material	 CuO,	 demonstrating	 the	 first	
advanced	in	situ	XPS/AES	cell	in	the	field	of	Li-ion	battery	research.	This	work	shed	lights	on	the	
inconsistencies	in	the	published	literature	with	respect	to	the	reaction	pathway	of	CuO	during	
Li-ion	 cycling.	 Furthermore,	 the	 cell	 was	 applied	 to	 study	 the	 surface	 evolution	 of	 LiMn2O4	
cathode	material.	A	series	of	systematic	experiments	suggest	that	 its	poor	cycle	 life	results	 in	
part	 from	the	cyclic	 formation	and	decomposition	of	Li2CO3	that	occurs	upon	cycling	which	 in	
turn	 leads	 to	 CO/CO2	 evolution.	 Finally,	 related	 experiments	 were	 performed	 on	 several	
cathode	 materials	 including	 LiCoO2,	 LiNiO2,	 LiMn2O4,	 LiFePO4	 and	 LiNi1/3Mn1/3Co1/3O2.	 A	
relationship	 between	 carbon	 surface	 stability	 and	 cycle	 life	 was	 identified.	 This	 instability	 is	
hypothesized	to	be	associated	with	CO2	evolution	commonly	observed	in	measurements	of	gas	


























































term	 the	 sustainability	 of	 earth.[10]	 In	 order	 to	 reduce	 the	 greenhouse	 gas	 emission	 and	 to	
lessen	 the	usage	of	 fossil	 fuels,	 renewable	 and	 green	energy,	 such	 as	 solar	 and	wind	power,	
should	 be	 utilized	 as	 primary	 energy	 sources	 as	 soon	 as	 possible.	 However,	 these	 energy	
sources	are	variable	 in	time	and	 location.	This	results	 in	a	growing	demand	of	reliable	energy	
storage	and	conversion	systems.[11]	In	addition	to	utilizing	sustainable	energy	sources,	shifting	




electrochemical	 cells	 utilizing	 renewably	 generated	 electricity	 have	 shown	 the	 greatest	









than	 the	 other	 systems.	 These	 advantages	 have	 made	 Li-ion	 batteries	 a	 key	 component	 in	
modern	society.		
	
Figure	 1.1	 Comparison	 of	 different	 energy	 storage	 systems	 in	 terms	 of	 volumetric	 and	
gravimetric	energy	density.	Reproduced	from	Reference	[1].	
The	Li-ion	battery	is	composed	of	several	electrochemical	cells	which	are	connected	in	
parallel	 or	 in	 series	 in	 order	 to	 provide	 the	 capacity	 or	 the	 voltage	 that	 is	 required	 for	 the	
application.	The	idea	for	using	the	Li-based	chemistry	for	the	electrochemical	cell	can	be	traced	
back	 to	 1970s.[18]	 The	 motivation	 for	 utilizing	 Li	 is	 because	 it	 offers	 the	 lowest	 negative	
electrochemical	potential	(-3.04	V	versus	standard	hydrogen	electrode)	and	is	also	the	lightest	
metal	(equivalent	weight	M	=	6.94	g	mol–1,	and	the	density	=	0.53	g	cm–3),	which	can	potentially	
provide	 the	highest	energy	density.	However,	 Li	metal	 is	not	a	 suitable	electrode	 in	 terms	of	
being	 rechargeable	 since	 it	 possesses	 low	 cycle	 life	 and	 low	 Coulombic	 efficiency.[19]	More	
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Due	 to	 the	 increasing	 demand,	 there	 has	 been	 a	 tremendous	 amount	 of	 research	
dedicated	to	improving	the	cycle	life	and	increasing	the	energy	density	of	Li-ion	batteries.[24]	
Despite	 numerous	 efforts	 and	 intense	 interest	 since	 they	 were	 first	 introduced	 in	 the	 early	





commercial	anode	graphite	 (≈375	mAh/g).[27-30]	However,	 the	cathode	chemistry	 is	 the	one	
that	 imposes	the	 limitation	to	the	capacity	regardless	of	the	choice	of	anode	chemistry,	since	
the	 capacities	 of	 commercial	 cathode	 LiCoO2	 (≈140	 mAh/g)	 and	 high	 capacity	 cathode	
LiNi0.33Co0.33Mn0.33O2	(≈200	mAh/g)	are	still	far	less	than	the	common	graphite	anode.[23,	31]		
	 Despite	the	limited	capacity	of	the	available	cathodes,	irreversible	capacity	fading	is	by	
far	 the	main	 factor	 that	 limits	 the	application	of	 Li-ion	batteries.[32]	One	 factor	affecting	 the	
poor	 capacity	 retention	 is	 related	 to	 structural	 changes	 in	 cathode	materials,	 such	 as	 phase	
transformation	induced	distortion	of	the	crystal	lattice.[33,	34]	From	the	atomic	scale	point	of	
view,	the	evolution	of	point	defects	can	also	lead	to	the	degradation.[35,	36]	Another	possible	
issue	 for	 the	 poor	 capacity	 retention	 is	 related	 to	 the	 reactions	 at	 the	 electrode/electrolyte	
interface,	 where	 electrolyte	 decomposition,	 active	 material	 dissolution,	 and	 passive	 film	
formation	on	the	electrode	take	place.[37]	There	has	been	much	research	focusing	on	the	solid	
electrolyte	 interface	 (SEI)	 which	 forms	 on	 the	 negative	 electrode	when	 the	 carbonate-based	
electrolyte	 is	 electrochemically	 decomposed.[38-40]	 The	 SEI	 layer	 is	 Li	 ion	 conducting	 and	
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electronically	 isolating,	 and	 it	 can	 help	 preventing	 further	 electrolyte	 reduction	 and	 carbon	
dissolution.	 However,	 the	 SEI	 could	 also	 facilitate	 non-uniform	 Li	 deposition	 and	 lead	 to	 Li	
dendrite	formation.[41,	42]	As	for	the	cathode	side,	there	is	a	corresponding	oxidation	reaction	
of	the	electrolyte.[43,	44]	Despite	numerous	research	on	this	area	over	the	past	four	decades,	
there	 is	 still	 limited	 understanding	 of	what	 is	 the	 underlying	mechanism	 for	 the	 surface	 film	
formation	and	how	does	the	film	affect	the	battery	performance	and	the	capacity.[43-50]	This	
is	 due	 to	 the	 reactions	 at	 the	 interface	 between	 electrode	 and	 electrolyte	 are	 dynamic	 and	
complex.	 Recently	 developed	 high	 capacity	 cathode	 material	 highlighted	 the	 importance	 of	
understanding	 the	 behavior	 of	 the	 surface	 layer	 since	 these	materials	 could	 generate	 highly	
reactive	 oxygen	 species	 during	 cycling.[51,	 52]	 The	 fundamental	 knowledge	 of	 the	 interface	
reaction	mechanism	is	the	key	to	mitigate	the	electrolyte	reactivity	with	the	positive	electrode	
material,	and	lead	to	an	improved	battery	cycle	life.	





allow	 characterizing	 both	 how	 the	 particles	 function	 internally	 and	 interact	 with	 their	
environments	 under	 well-controlled	 electrochemical	 conditions	 during	 cycling.	 This	 present	
work	will	explore	the	fundamental	mechanism	for	Li	dendrite	growth,	which	is	a	safety	hazard	
for	the	usage	of	Li-ion	batteries;	the	surface	evolution	and	conversion	reaction	of	CuO	as	a	high	
capacity	 anode	 material;	 lastly,	 the	 surface	 film	 formation	 of	 a	 class	 of	 cathodes	 including	
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LiMn2O4,	 LiFePO4,	 LiCoO2,	 LiNiO2	 and	 the	 newly	 developed	 high	 capacity	 cathode	 material	
LiNi0.33Co0.33Mn0.33O2.	To	 further	 investigate	 the	role	of	surface	chemistry	stability	 in	affecting	
full	cell	cycle	life,	cycling	experiments	with	flowing	mixed	gases	of	CO	and	CO2	across	a	cell	were	











electrodes,	 and	 it	 stores	 the	 energy	 when	 Li	 is	 being	 extracted	 from	 the	 cathode	 and	
intercalated	into	the	anode.[53]	The	commercialized	Li-ion	battery	is	composed	of	three	parts:	
graphite	 serves	 as	 the	anode,	 transition	metal	 oxide	 (such	as	 LiCoO2)	 as	 cathode	and	aprotic	
liquid	electrolyte	which	provides	the	pathway	for	Li	ion	to	diffuse	between	the	electrodes.[54]	
The	 electrode	 is	 typically	 manufactured	 by	 mixing	 the	 active	 material	 powder,	 conductive	
carbon	powder,	the	binder	and	the	solvent	 into	a	slurry,	and	then	casting	the	slurry	onto	the	




metal	 gets	 reduced.	 During	 charging,	 the	 process	 is	 reversed	 and	 the	 transition	 metal	 is	
oxidized.	The	Li	ion	diffused	from	the	cathode	to	the	anode,	and	then	intercalates	into	graphite,	
where	six	carbon	atoms	are	needed	to	accommodate	one	Li	ion	(Figure	2.1).[55]	The	electrolyte	
is	 usually	 not	 chemically	 stable	 on	 the	 anode	 side,	 and	 hence	 the	 decomposition	 of	 the	
electrolyte	 would	 form	 a	 layer,	 the	 so	 called	 solid	 electrolyte	 interface	 (SEI).	 The	 SEI	 is	














would	 boost	 the	 anode	 capacity	 one	by	 order	 of	magnitude.	However,	 the	 chemistry	 on	 the	
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cathode	side	actually	imposes	a	bottleneck	on	improving	the	energy	density	of	Li-ion	batteries,	






weight,	 high	 voltage	 redox	 and	 the	 number	 of	 electrons	 transferred	 during	 redox	 should	 be	
maximized.	Traditionally,	 the	commercialized	Li-ion	battery	has	been	utilizing	 light	weight	3-d	
transition	metal	 (M)	 in	 the	 positive	 electrode	 such	 as	 LiCoO2.	 However,	 the	 capacity	 is	 very	
limited	since	it	only	relies	on	the	cation	redox	reactions	(Mn+	à	M(n+1)+)	as	the	primary	energy	
storage	 source.	 Furthermore,	 the	delithiation	process	 is	 limited	 to	0.5	 Li	 owing	 to	 the	 strong	
repulsion	between	CoO2	layers.[58]	Several	studies	attempt	to	stabilize	the	layered	framework	
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by	 chemically	 substitution	 Co3+	 with	 Ni2+	 and	 Mn4+,	 and	 they	 have	 successfully	 introduced	
LiNixMnyCo1–x–yO2	layered	oxides	(NMC)	approaching	the	capacity	of	200	mAh/g.[59]	By	further	






positive	 and	 negative	 electrode	 materials.	 However,	 implementing	 optimized	 electrode	
materials	 is	 the	 very	 preliminarily	 step	 toward	 a	 commercially	 available	 battery.	 Indeed,	 the	
optimization	of	the	reactions	between	the	electrode	and	electrolyte	interface	is	the	foundation	
to	a	battery	with	enhanced	cycle	life.[62]	Nevertheless,	this	is	the	area	where	the	fundamental	
knowledge	 is	 absent.	 As	 stated	 by	 Professor	 P.	 G.	 Bruce	 in	 Solid	 State	 Electrochemistry	
published	 in	 1995:	 “All	 electrochemical	 devices	 rely	 on	 the	 performance	 of	 the	 interfaces	
between	electrolytes	and	electrodes,	at	least	as	much	as	on	the	performance	of	the	bulk	phases.	
As	 a	 result,	 interfacial	 studies	 are	 growing	 rapidly	 in	 importance.	 This	 has	 only	 served	 to	
emphasize	 how	 little	 is	 presently	 understood	 concerning	 the	 fundamental	 processes	 at	 such	



















	 At	 the	 negative	 electrode	 side,	 such	 as	 graphite	 or	 lithium	which	 stores	 lithium	 at	 a	
potential	of	0∼0.1	VLi.[65,	66]	The	fermi	level	is	higher	than	the	LUMO	in	electrolyte,	hence	the	
electrons	 will	 move	 from	 the	 electrode	 into	 the	 electrolyte,	 causing	 the	 electrolyte	 to	 be	








HOMO	 levels	of	aprotic	electrolytes;	 this	 could	 lead	 to	a	 thermodynimic	driving	 force	 for	 the	







Figure	 2.4	 (a)	 Comparison	 of	 different	 electrode	materials	 in	 terms	 of	 their	 capacity	 and	 the	




	 As	 discussed	 in	 the	 previous	 section,	 there	 is	 the	 tendency	 for	 the	 carbonate-based	
electrolyte	 to	 be	 reduced	 at	 the	 negative	 electrode.	 This	 results	 in	 the	 formation	 of	 a	 well-
known	 solid	 electrolyte	 interface	 (SEI)	 layer.[72]	 The	 SEI	 layer	 could	 affect	 the	 cycle	 life	 and	
charging	 efficiency	 of	 the	 Li-ion	 battery.	 More	 importantly,	 it	 determines	 the	 irreversible	
capacity	loss	of	the	first	charge	and	the	morphology	of	lithium	deposits.[73]	The	property	of	the	
SEI	layer	is	Li	 ion	conducting	and	electronically	insulating,	and	it	would	ideally	let	the	Li	 ion	to	













greatly	 influence	 the	 composition	of	 the	 SEI	 layer.[75]	He	 showed	 that	 the	 resistance	on	 the	
lithium	electrode	varies	by	 storing	 the	electrode	 in	different	electrolyte	 for	 several	days,	and	
the	 results	are	 shown	 in	Figure	2.6.	As	can	be	 seen,	 LiPF6	salt	 causes	 the	electrode	 to	have	a	
greater	interfacial	resistance	compared	to	the	LiN(SO2CF3)2	(A.S.)	salt,	which	has	the	least	effect	
on	the	electrode.	The	higher	resistance	observed	in	LiPF6	and	LiBF4	could	be	due	to	the	highly	
resistive	 LiF	 species	 formed	 in	 the	 SEI.	 The	 LiF	 is	 possibly	 produced	by	 the	 decomposition	 of	
carbonates	by	traces	of	HF	in	the	salt.	The	anion	of	the	lithium	salt	also	plays	a	crucial	role	for	
the	 SEI	 morphology	 which	 will	 determine	 the	 lithium	 deposition	 morphology	 and	 hence	
influence	the	dendrite	 formation.[76]	A	smooth	surface	 film	 is	highly	desirable	since	 it	allows	
the	 lithium	 to	 deposit	 and	 strip	 uniformly,	 however,	 as	 shown	 in	 Figure	 2.5,	 the	 surface	
adjacent	 to	 the	 electrolyte	 usually	 contains	 the	 porous	 layer,	 which	 is	 intrinsically	
heterogeneous	and	non-uniform	in	the	nanometer,	sometimes	even	micrometer	scale.[39]	This	








interface	 receives	 less	 attention	 since	 there	 is	 no	 thermodynamic	 driving	 force	 for	 the	
formation	of	a	surface	film	on	most	of	the	conventional	cathode	materials.	It	wasn’t	until	very	
recently	 that	 the	 correlation	 between	 the	 surface	 reaction	 and	 the	 battery	 performance	
degradation	was	recognized.[77]	The	surface	film	on	the	cathode	is	very	different	from	the	SEI	
layer	on	the	anode	side	since	the	composition	of	the	film	is	determined	by	the	cathode	material	
and	 the	 side	 reaction,	 and	 the	 film	 is	 also	 very	 thin.	 It	 contains	 the	 species	 from	 the	




to	 change	 such	 as	 the	 oxidation	 and	 reduction	 of	 the	 transition	 metal	 in	 the	 oxide,	 or	 the	








insertion/extraction,	 causing	 the	 initial	 electrode	 deterioration.	 After	 multiple	 charging	 and	






After	 immersion,	 the	 E0.5	 value	 shifted	 from	 7717.1	 to	 7716.1	 eV.	 This	 is	 attributed	 to	 the	
reduction	of	Co	cations	from	3+	to	2+.	(b)	Co	K-edge	bulk	XANES	spectra	of	LiCoO2.	In	contrast	
of	the	surface,	the	spectrum	does	not	have	significant	change.	(c)	Schematic	illustration	of	the	
changes	 in	 electronic	 structure	 at	 the	 LiCoO2	 and	 electrolyte	 interface	 upon	 immersion.	 (Φs	
and ΦL	 indicate	 the	 inner	 potentials	 of	 the	 electrode	 and	 the	 electrolyte.)	 Reproduced	 from	
Reference	[49].	
	 In	 addition	 to	 surface	degradation,	 the	 instantaneous	 surface	 film	 formation	was	 also	
observed	on	the	cathode	material	such	as	LiMn2O4	when	in	contact	with	the	electrolyte.	In	situ	
spectroscopic	 ellipsometry	 suggested	 that	 the	 formation	 of	 a	 ca.	 1.5-1.65	 nm	 SEI	 layer	 is	
present	 after	 exposure	 to	 carbonate	 based	 electrolyte	 and	 the	 thickness	 continues	 to	 grow	
after	 subsequent	 electrochemical	 cycling	 (Figure	 2.8).[79]	 Furthermore,	 in	 situ	 Fourier	
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transform	 infrared	 (FTIR)	 spectroscopy	 of	 LiMn2O4	 in	 ethylene	 carbonate	 (EC)	 -diethyl	
carbonate	 (DEC)	 based	 electrolyte	 indicates	 that	 during	 charging,	 C=O	 and	 C-O-C	 peak	







7Li	Nuclear	Magnetic	Resonance	 (NMR)	 showed	 that	a	passivating	 layer	 is	 formed	and	would	
eventually	lead	to	the	loss	of	electrical	contact	of	the	active	particles,	resulting	in	cell	failure.[81]	
	





	 In	 summary,	 the	 surface	 film	 formation	 on	 the	 cathode	 material	 is	 a	 complex	 and	
dynamic	 phenomena,	 which	 has	 not	 been	 fully	 resolved	 and	 understood	 yet.	 It	 causes	 the	
degradation	of	battery	performance,	 increases	cell	 resistance,	and	eventually	 leads	to	battery	
breakdown.	This	passivating	film	also	covers	the	active	material	surface,	which	is	of	particular	
interest,	and	prevents	 it	to	be	 investigated	by	traditional	surface	sensitive	techniques.	Hence,	




	 The	 complex	 nature	 of	 Li-ion	 battery	 reactions	 along	 with	 their	 sensitivity	 to	
environmental	 exposure	 necessitates	 in	 situ	 characterization.	 There	 are	 two	 general	 in	 situ	









Figure	 2.9	 Schematic	 illustration	 of	 a	 closed-cell	 Li-ion	 battery	 utilized	 in	 the	 operando	
transmission	electron	microscopy	(TEM)	study.	Reproduced	from	Reference	[82].	
	 Open-cells	describe	 the	system	 in	which	 the	material	being	 investigated	 is	exposed	 to	
the	environment,	without	any	liquid	in	the	surroundings.[84]	Open-cells	enable	the	detection	of	
low-energy	 photoelectrons	 and	 Auger	 electrons	 and	 can	 operate	 in	 ultra-high	 vacuum	
environment.	 These	 techniques	 provide	 valuable	 information	 about	 chemical	 bonding	 and	




Figure	 2.10	 Schematic	 illustration	 of	 the	 open-cell	 design.	 (a)	 Liquid	 cell,	 where	 a	 droplet	 of	
ionic	 liquid	 is	 served	as	 the	electrolyte	 (ILE=	 ionic	 liquid	electrolyte).	 (b)	 Solid	 cell,	where	 the	
native	Li2O	is	served	as	the	electrolyte.	Reproduced	from	Reference	[84].	
Liquid	cells	typically	utilize	a	room	temperature	ionic	 liquid	as	the	electrolyte,	which	is	
compatible	 in	 a	 high	 vacuum	environment.	 They	 exhibit	 representative	 electrochemistry,	 but	
are	prone	 to	electro-wetting	and	 thin	surficial	 film	 formation,	which	 to	date	has	 limited	 their	
use	 with	 surface	 sensitive	 techniques.	 The	 liquid	 cell	 approach	 has	 been	 successfully	
implemented	in	nanowire	geometry,	since	the	nanowire	can	be	continuously	pulled	out	of	the	
electrolyte.[85]	 In	 the	 solid	 cells,	 the	 Li	metal	 acts	 as	a	 lithium	source	and	 the	native	 lithium	




meaningful	 I-V	response.	This	 is	a	critical	consequence	because	we	ultimately	want	to	tie	 the	
observed	phenomena	back	to	the	electrochemical	response	in	the	battery	system.	
The	 dynamic	 nature	 of	 electrochemistry	 and	 the	 sensitivity	 of	 electrodes	 to	
environmental	exposure	necessitate	the	in	situ	investigation.	It	allows	direct	monitoring	on	the	
system	 where	 a	 variety	 of	 chemical	 and	 physical	 processes	 take	 place,	 including	 volume	
changes,	phase	transitions	and	side	reactions.	It	thus	offers	the	ability	to	link	these	phenomena	
with	 the	 electrochemical	 responses	 and	 even	 the	 degradation	 of	 the	 battery.	 These	 goals	
motivate	recent	development	of	 in	situ	and	operando	characterization	methods.	This	 includes	
the	 novel	 approach	 of	 electrochemically	 cycling	 particulate	 electrodes	 while	 performing	
advanced	 imaging	and	spectroscopy,	 such	as	electron	microscopy	 including	scanning	electron	
microscope	(SEM)	and	transmission	electron	microscope	(TEM),	X-ray	absorption	spectroscopy	
(XAS),	 X-ray	 computed	 tomography,	 and	 neutron	 diffraction.[87-93]	 Powerful	 surface	
spectroscopies	 such	 as	 X-ray	 photoelectron	 spectroscopy	 (XPS),	 Auger	 electron	 spectroscopy	
(AES),	 and	 related	 techniques	 remain	 notably	 absent	 from	 the	 suite	 of	 available	 tools	 to	
characterize	particle	based	electrodes.		While	the	XPS	has	been	applied	to	solid-state	thin	film	




for	 Li-ion	 battery	 performance.	 Although	 there	 has	 been	 a	 tremendous	 amount	 of	 research	
focusing	on	the	fundamental	mechanism	of	the	side	reaction	and	surface	film	formation	at	the	
electrode	surface	during	cycling,	 the	 fundamental	 reaction	mechanism	 is	 still	unclear	and	the	
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existing	 theories	 are	 somehow	 contradicting	 to	 each	 other.[95]	 To	 date,	 researchers	 have	
mainly	employed	ex	situ	characterization	to	study	this	mechanism.	This	can	be	problematic	due	
to	 the	 sensitivity	 of	 such	 systems,	 particularly	 their	 surface	 chemistry,	 to	 the	 ambient	
environment.	 Since	 the	 reaction	on	 the	 surface	 is	 a	dynamic	phenomenon,	 it	 requires	 in	 situ	
studies	 to	elucidate	 the	 reaction	mechanism.	 	However,	 since	 the	 surface	of	 the	electrode	 is	
soaked	in	the	electrolyte,	it	is	rather	difficult	to	conduct	such	in	situ	experiments	on	the	subject.		
	 The	aim	of	 this	work	will	 be	developing	an	optimized	open-cell	 configuration	 to	 carry	
out	 in	 situ	 studies	 with	 a	 variety	 kinds	 of	 analytic	 techniques	 including	 scanning	 electron	
microscope	 (SEM),	 X-ray	 photoelectron	 spectroscopy	 (XPS)	 and	 Auger	 electron	 spectroscopy	
(AES).	 The	 open-cell	 allows	 the	 particles	 of	 interest	 to	 react	 with	 Li-ion	 but	 without	 the	




electrochemical	 cells	 in	 details,	 including	 the	 cell	 preparation	 and	 different	models	 for	 each	
instrument.	In	Chapter	4,	the	in	situ	cell	will	be	first	utilized	to	study	the	Li	metal	deposits	and	
whiskers	 using	 the	 SEM,	 showing	 a	 real	 time	 observation	 of	 the	 dendrite	 growth.	 This	 is	 an	
important	first	validation	of	the	novel	cell,	since	it	showed	that	the	carbon	film	is	permeable	to	
the	 Li	 ions.	Measurements	 performed	 as	 a	 function	 of	 vacuum	 pressure	 reveal	 that	whisker	
growth	is	sensitive	to	vacuum	level.	It	is	proposed	that	whisker	growth	results	from	diffusional	
relaxation	of	compressive	stress	imposed	by	a	thin	surface	oxide.	Chapter	5	introduces	the	first	
state-of-the-art	 in	 situ	 XPS/AES	 cell,	 applying	 to	 characterizing	 the	 evolution	 of	 bonding	 and	
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chemistry	 in	 CuO	 nanoparticle	 electrodes	 during	 cycling.	 This	 cell	 provides	 good	
electrochemical	 control,	 while	 suppressing	 the	 solid	 electrolyte	 interface	 (SEI)	 that	 could	
obscure	 the	underlying	reactions	of	 the	electrode	particles.	The	cell	was	applied	 to	study	 the	
insertion	 and	 extraction	 of	 lithium	 from	 CuO	 nanoparticles	 under	 galvanic	 charging	 and	
discharging	 of	 the	 cell.	While	 X-ray	 photoelectron	 spectroscopy	 provided	 important	 bonding	
information,	 Auger	 electron	 spectroscopy	 was	 able	 to	 characterize	 the	 composition	 of	
individual	particle	agglomerates.	These	results	provide	new	insights	 into	 irreversible	reactions	
and	 side	 reactions	 that	 occur	 in	 CuO	 electrode	 during	 cycling.	 In	 Chapter	 6,	 this	 open	 cell	 is	
further	 applied	 to	 study	 the	 surface	 evolution	 of	 the	 cathode	 material,	 LiMn2O4	 (LMO).	 It	
showed	that	surface	 film	 formed	 in	 the	ultra-high	vacuum	 is	mainly	composed	of	Li2CO3,	and	
the	 carbon	 concentration	 is	 dependent	 with	 the	 charging	 voltage.	 For	 instance,	 the	 surface	
carbon	concentration	is	highest	(≈50%)	at	the	initial	charging	to	4.05	V,	and	steadily	decreased	
to	 ≈15%	 at	 over-charging	 of	 5	 V.	 The	 evolution	 of	 surface	 carbonate	 on	 LMO	has	 previously	
been	attributed	 to	 reactions	with	organic	 carbonate	 solvents.	However,	 the	model	 geometry	
utilized	demonstrates	 that	oxygen	 from	LMO	can	participate	 in	 redox	of	 carbon,	where	 LMO	



















in	 N-methylpyrrolidone	 (NMP;	 Sigma-Aldrich)	 solvent.	 The	 mixed	 slurry	 was	 coated	 onto	
aluminum	 foil	 and	 dried	 in	 an	 oven	 at	 80oC	 for	 24	 hours.	 The	 electrode	 disks	 were	 then	
punched	out	of	 the	 coated	 foil	 sheets.	 The	Swagelok®	 cell	 prepared	 from	a	 cathode	and	a	 Li	
metal	 (0.38	mm	 in	 thickness,	 99.9%	 from	 Sigma-Aldrich)	 anode	was	 assembled	 in	 an	 argon-
filled	glove	box	with	the	water	and	oxygen	concentration	less	than	0.5	ppm.	1	M	LiPF6	dissolved	
in	 ethylene	 carbonate	 and	 dimethyl	 carbonate	 (1:1	 wt/wt;	 Novolyte	 Technologies)	 and	 a	












of	 interest	 served	 as	 the	 working	 electrode,	 which	 rested	 on	 top	 of	 an	 ionic	 liquid	 soaked	












bath	with	 current	 density	 of	 20	mA/cm2.	 The	 particles	 of	 interest	were	 dispersed	 in	 ethanol	
with	a	concentration	of	10	wt.%	in	the	glove	box.	Then	the	solution	was	stirred	by	the	magnetic	
stirring	bar	at	800	rpm	for	10	minutes.	The	solution	was	then	drop	casted	on	the	grid	held	by	
the	 Anti-Capillary	 Tweezers	 (Ted	 Pella	 Inc.).	 The	 grid	was	 subsequently	 annealed	 on	 the	 hot	
plate	in	the	glove	box	at	510oC	for	10	minutes.	There	are	two	kinds	of	ionic	liquid	electrolytes	
utilized	 in	 this	 work:	 one	 is	 10	 wt.%	 LiTFSI	 (Bis(trifluoromethane)sulfonimide	 lithium	 salt)	 in	
P13TFSI	 (1-Methyl-1-propylpyrrolidinium	 Bis(trifluoromethanesulfonyl)imide);	 the	 other	 one	 is	













a	 6	mm	 x	 6	mm	 piece,	 scratched	 by	 a	 razor	 to	 remove	 the	 native	 oxide,	 and	 then	 pressed	
against	the	stainless	steel	surface	of	the	cell.	Then,	a	piece	of	fiberglass	(about	3	mm	x	3	mm)	




as	 shown	 in	 Figure	 3.4,	 and	 each	 of	 them	 fit	 in	 different	 analytical	 machines.	 The	 cells	 for	
PHI5400	 XPS	 and	 PHI660	 Auger	 are	 very	 similar,	 and	 the	 only	 difference	 is	 that	 the	 cell	 for	


















KRATOS	 AXIS	 XPS.	 XPS	 measurements	 carried	 out	 with	 a	 PHI5400	 spectrometer	 used	 Al	




summed	 over	 3	 scans,	 and	 high	 resolution	 spectra	were	 summed	 over	 15	 cycles.	 All	 spectra	
were	energy	calibrated	using	the	hydrocarbon	peak	at	the	binding	energy	of	285.0	eV.	The	XPS	
obtained	 with	 KRATOS	 AXIS	 XPS	 was	 under	 similar	 condition	 but	 with	 a	 monochromatic	 Al	
Kα radiation	as	the	primary	excitation	source.	The	source	beam	size	is	2mm	x	2mm	and	the	size	
of	 the	analyzed	 region	 is	 0.3mm	x	0.7mm.	The	 instrument	 vacuum	was	maintained	at	8x10-8	





sweeps.	 All	 the	 data	 was	 evaluated	 using	 the	 CasaXPS	 software,	 and	 the	 background	
subtraction	applied	to	the	high	resolution	scans	followed	the	method	according	to	Shirley.	The	
experimental	 curves	were	 fit	 using	Gaussian-Lorentzian	product	 functions;	 70%	Gaussian	and	
30%	Lorentizian.	Since	the	electrolyte	is	potentially	sensitive	to	the	X-ray	beam,	data	is	acquired	
from	separate	spots	 in	 subsequent	measurements	 to	ensure	 that	 the	measurement	does	not	
affect	subsequent	cycling.	
3.5	In	situ	Auger	Electron	Spectroscopy	Analysis	
	 Auger	 electron	 spectroscopy	 (AES)	 measurements	 were	 carried	 out	 in	 an	 ultrahigh	
vacuum	 chamber	 with	 the	 PHI660	 scanning	 Auger	microprobe.	 The	 vacuum	 pressure	 of	 the	
chamber	remained	at	1x10-8	Torr.	Acquisitions	were	performed	with	a	3	keV	primary	electron	
beam	and	a	2.4	mm	objective	aperture	which	resulted	 in	an	approximately	350	nm	spot	size.		
Each	 spectrum	 was	 averaged	 over	 10	 cycles	 in	 the	 energy	 range	 from	 20	 to	 1020	 eV	 with	
measurements	 binned	 into	 0.1	 eV	 channels.	 Auger	 data	 was	 analyzed	 by	 using	 Multipak	
software.	 	Auger	peak	energies	are	dependent	on	proper	alignment	of	 the	zero	energy	peak,	







Metallic	 Li	 provides	 ideal	 gravimetric	 and	 volumetric	 energy	 density	 for	 Li-based	
batteries,	 and	 is	 the	 commercial	 anode	 of	 choice	 for	 primary	 Li	 cells.	 However,	 Li	 dendrite	
growth	during	charging	 limits	 its	application	 in	 secondary	cells.[1,	19]	A	variety	of	alternative	
high	 capacity	 anodes,	 such	 as	 Si[27],	 Ge[28],	 and	 Sn[29],	 have	 been	 considered	 to	 improve	
energy	density,	but	these	materials	typically	require	complex	and	expensive	nanostructuring	to	
achieve	extended	cycle	life.	The	challenges	associated	with	developing	commercially	viable	high	
capacity	 Li	 hosts	have	placed	 renewed	 interest	on	developing	 strategies	 to	utilize	 Li	metal	 in	
secondary	 cells.	 [100-104]	 Popular	 dendrite	mitigation	 strategies	 include	 the	 use	 of	 physical	
barriers,	 such	 as	 solid	 electrolytes[102]	 or	 nanoporous	 membranes[103],	 and	 electrolyte	
additives[104]	that	suppress	their	growth.	
Unfortunately,	 the	 underlying	 mechanism(s)	 for	 Li	 dendrite	 growth	 remain	 poorly	
understood	despite	numerous	efforts	to	define	them	through	both	computation[105,	106]	and	
experiments[107,	108].	Classically,	dendrite	formation	occurs	most	readily	under	conditions	of	
diffusion	 limited	 growth.	 In	 this	 regime,	 instabilities	 at	 the	 advancing	 interface	 experience	
spatially	 distinct	 local	 concentration	 gradients,	 which	 can	 promote	 dendrite	 growth.[41]	 The	
formation	 of	 high	 curvature	 dendrite	 tips	 also	 provide	 electric	 field	 enhancement	 that	
accelerates	growth	locally.[109]	This	behavior	may	be	mitigated	by	controlling	deposition	rates	
or	suppressing	interfacial	reaction	rate	kinetics	to	avoid	diffusion	controlled	kinetics.[104]	For	Li	
deposition,	 such	 approaches	 are	 relatively	 ineffective,	 suggesting	 that	 the	 underlying	
mechanism	is	more	complex.	Experimental	results	suggest	that	the	nature	of	the	Li-electrolyte	
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interface	 is	 key	 to	 causing	 the	 almost	 ubiquitous	 nucleation	 and	 growth	 of	 dendrites	 during	
deposition	 of	 Li.[110]	 For	 example,	 Li	 dendrite	 growth	 is	 sensitive	 to	 chemical	 additives	 and	
impurities	 such	as	H2O.[111,	112]	The	 solid-electrolyte	 interphase	 (SEI)	 that	universally	 forms	
on	 Li	 metal	 in	 carbonate-based	 electrolytes	 has	 also	 been	 suggested	 to	 be	 the	 source	 of	
dendrite	 growth.	 It	 has	 been	 hypothesized	 that	 non-uniformity	 or	 spatially	 heterogeneous	
fracture	 of	 the	 SEI	 layer	 locally	 accelerates	 the	 deposition	 rate	 and	 promotes	 dendrite	
growth.[76]	 Success	 in	 mitigating	 dendrite	 growth	 through	 deposition	 of	 artificial	 SEI	 of	
controlled	 properties	 and	 chemistry	 support	 this	 hypothesis.[113]	 However,	 in	 situ	 optical	
characterization	of	dendrite	growth	suggests	that	at	current	densities	of	<2	µA/cm2,	Li	primarily	
inserts	 either	 at	 the	 root	 of	 dendrites	 or	 in	 defects	 along	 their	 length,	 rather	 than	 at	 the	
tips.[114]	 It	 was	 suggested	 that	 the	 behavior	 shares	 traits	 with	 non-electrochemical	 whisker	
growth	in	other	systems	such	as	Sn	alloys.	In	these	circumstances,	stress-mediated	diffusional	
transport	 promotes	 whisker	 growth	 in	 systems	 that	 are	 mechanically	 constrained	 by	 oxide	




electrochemical	 lithium	 dendrite	 growth	 is	 observed	 during	 physical	 vapor	 deposition,	which	
suggests	 that	 the	 overall	 phenomenon	 is	 quite	 general	 to	 Li	 deposition	 at	 room	
temperature.[118]	
Due	to	its	sensitivity	to	air,	observations	of	Li	dendrite	growth	are	best	performed	in	situ.		
A	 number	 of	 characterization	 techniques	 have	 been	 applied	 to	 characterizing	 Li	 dendrite	
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growth	 in	 situ.	Optical[107,	114]	and	X-ray[119]	based	 techniques	have	 characterized	 sample	
geometries	most	representative	of	Li-ion	batteries.	In	situ	scanning	electron	microscopy	(SEM)	
has	been	used	to	characterize	Li	deposition	on	a	solid-state	battery	at	higher	resolution[87].		In	
situ	 transmission	 electron	 microscopy	 (TEM)	 has	 been	 used	 to	 characterize	 Li	 dendrite	
nucleation	and	growth	at	high	resolution	during	the	early	stages	of	deposition.[110,	120-122]	
This	 current	 work	 characterizes	 Li	 dendrite	 growth	 in	 situ	 using	 a	 novel	 SEM-based	
electrochemical	cell.	This	cell	differs	from	prior	in	situ	cells[123]	and	was	designed	such	that	the	
Li	 deposits	 at	 the	 current	 collector-vacuum	 interface	 rather	 than	 the	 current	 collector-
electrolyte	interface.	This	is	achieved	by	using	a	thin	layer	of	carbon	as	a	local	current	collector	
that	 can	 physically	 isolates	 the	 ionic	 liquid,	 but	 allows	 Li	 to	 diffuse	 through.	 This	 geometry	
enables	 us	 to	 discount	 the	 possibility	 that	 concentration	 polarization	 or	 electric	 field	
enhancement	at	the	dendrite	tip	drives	dendrite	growth.	The	idealized	geometry	also	ensures	
that	 all	 Li	 originates	 at	 the	 current	 collector	 surface	 allowing	 a	 simplified	 analysis	 of	 the	
mechanism	driving	dendrite	growth.	The	general	design	is	depicted	schematically	in	section	3.3.	












indicates	 that	 the	measurements	 performed	 at	 4.15	 V	 and	 above	 are	 in	 the	 limiting	 current	
regime.	The	experiment	performed	at	4.05	V	is	in	the	Tafel	region.	This	likely	accounts	for	the	
differences	 in	 the	 amount	 of	 material	 deposited,	 since	 Li	 can	 also	 deposit	 on	 the	 carbon-





















where	 F	 is	 Faraday’s	 constant	 and	 n=1	 is	 the	 number	 of	 electrons	 transferred	 per	 Li	 redox.	
Combining	 these	 equations	 indicates	 that	 the	 nucleation	 rate,	 or	 the	 number	 of	 nuclei	 at	 a	
given	instance,	will	be	proportional	to	1/η2,	which	is	observed	in	Figure	4.3.	Two	quantities	in	
the	 above	 equation	 must	 be	 approximated;	 (a)	 the	 overpotential	 is	 assumed	 to	 be	 the	
difference	 between	 the	 applied	 and	 open	 circuit	 potentials,	 and	 (b)	 dihedral	 angles	 are	
measured	 from	 cross-sectioned	 particles	 and	 vary	 between	 ≈45o	 and	 ≈135o.	 Computational	
results	 suggest	 this	 wetting	 angle	 should	 be	 a	 function	 of	 local	 overpotential.[124]	 This	
ambiguity	 introduces	 the	 error	 in	 calculated	 value	 of	 γ=0.1-0.3	 Jm-2.	 This	 value	 is	 quite	
reasonable	when	compared	to	the	calculated	surface	energy	of	Li,	which	are	relatively	isotropic	
and	 range	 from	 0.48-0.56	 Jm-2,	 for	 pure	 Li.[125]	We	 anticipate	 that	 Gibbsean	 adsorption	 of	





















of	 the	 carbon	 film	 for	 a	 particular	 quantity	 of	 charge	 passed	 increases	 with	 increasing	
overpotential.	While	 it	 is	 difficult	 to	quantify	 the	 volume	of	 Li	 deposited,	by	 analyzing	 the	2-




large	 compressive	 stress	 acting	 against	 the	 nucleation	 of	 Li	 at	 the	 carbon-SEI	 interface	 and	
driving	 it	 to	 nucleate	 at	 the	 carbon-vacuum	 interface	 instead.	 This	 is	 consistent	 with	 prior	
suggestions	 that	 the	 mechanical	 force	 imposed	 by	 SEI	 is	 non-negligible	 and	 can	 drive	 Li	









exhibits	 elongated	 whisker	 morphologies	 rather	 than	 planar	 films	 or	 equiaxed	 particles.	We	
assume	that	Li	is	inserted	into	the	base	of	these	particles	at	the	carbon-Li	interface.	In	situ	time-




does	not	 fully	 cover	 the	 carbon	 surface	 even	when	 the	overall	 amount	of	 Li	 present	 is	 quite	
large.	Most	of	the	whiskers	are	attached	to	nodular	shaped	particles	at	their	roots	and/or	their	
tips.	The	morphology	suggests	that	wetting	alone,	i.e.	the	maintenance	of	a	substrate	whisker	
dihedral	 angle,	 cannot	explain	 the	morphology,	 since	 they	appear	 to	grow	out	of	particles	 in	
most	cases.		The	morphology	also	suggests	that	the	mechanism	for	whisker	growth	cannot	be	
the	 localized	enhancement	of	 kinetics	due	 to	a	pre-existing	defect	at	 the	 carbon-Li	or	 the	 Li-
vacuum	interface,	since	the	whiskers	can	grow	with	either	or	both	interfaces	being	dominated	
by	 a	 more	 nodular	 Li	 particle.	 As	 suggested	 by	 Yamaki	 et	 al.[116],	 we	 hypothesize	 that	 the	














drives	diffusion	mediated	stress	 relaxation[116,	126].	However,	 the	oxide	shell	 constrains	 the	
system	 causing	 stress	 accommodation	 to	 be	 localized,	 which	 results	 in	 whiskers	 growing	 in	
those	regions.	Room	temperature	is	65%	of	Li’s	melting	temperature,	so	atomic	diffusion	is	fast.	
If	 a	 significant	 oxide	 scale	 is	 present,	 then	 the	 insertion	 of	 Li	 into	 the	 root	 of	 Li	 particles	
bounded	 by	 oxide	 shells	 would	 impose	 a	 compressive	 stress.	 At	 ≈10-5	 mbar	 the	 flux	 to	 the	
surface	 is	about	10	ML	s-1.	 	 If	 the	O2	content	 is	on	 the	order	of	1%	at	 this	vacuum	 level,	 this	
would	 still	 produce	a	 flux	of	≈0.1	ML	 s-1.	 	 This	O2	 flux	 is	 considerably	 larger	 than	 required	 to	
produce	an	oxide	 layer	on	Li	over	the	time	scales	of	the	experiments,	 i.e.	tens	of	minutes.	To	





while	 the	 Li	 particles	 grown	 at	 higher	 pressure	 are	 much	 more	 elongated	 with	 whiskers	
dominating	 the	 sample.	 The	 presence	 of	 excess	 O2	 does	 promote	 whisker	 growth,	 which	 is	





concepts	 have	 been	 proposed	 to	 explain	 how	 local	 variation	 in	 SEI	 thickness,	 stability,	 and	
mechanics	may	lead	to	dendrite	growth.[76]	
	
Figure	4.6	 In	 situ	 SEM	 images	 captured	during	 Li	depositing	on	 the	 carbon	 film	at	a	 constant	
voltage	 of	 4.45	 V.	 (a)-(d)	 are	 the	 morphology	 of	 dendrite	 grown	 at	 a	 chamber	 pressure	 of	
5.5x10-7	mbar,	(e)-(h)	are	grown	at	a	chamber	pressure	of	3.1x10-5	mbar.	(d)	and	(h)	are	images	
acquired	at	higher	magnification	from	regions	in	(c)	and	(g).	
	 If	 oxide	 scales	 do	 in	 fact	 form	 at	 the	 higher	 pressure,	 then	we	 anticipate	 to	 observe	
Kirkendall	 voids,	 since	 the	 cation	 flux	 through	a	 Li2O	 scale	 should	exceed	 the	anion	 flux.	 The	
focused	 ion	beam	was	used	 to	 cross-section	 several	particles	 grown	 in	 situ	 at	10-5	mbar	 (see	
Figure	 4.7).	 Indeed,	 Kirkendall	 voids	 are	 observed	 in	 some,	 but	 not	 all,	 of	 the	 whisker	 and	















free	 surface	 and	 the	 fact	 that	 the	 formation	 of	 oxide	 promotes	 whisker	 growth.	 These	
conclusions	agree	well	with	previously	reported	hypotheses	that	dendrite	growth	during	Li-ion	
cycling	 is	 similar	 to	metallic	whisker	 growth[114]	 and	 that	 stresses	 imposed	by	 SEI	 can	 drive	
dendrite	 formation.[76]	 Prior	 literature	 reveals	 that	 H2O	 impurity	 can	 promote	 dendrite	
formation.[111]	These	impurities	will	promote	surface	oxide	formation	of	surface	LiF	formation,	
and	 presumably	 promote	 dendrite	 formation	 in	 a	manner	 consistent	with	 the	 current	work.	
Recent	in	situ	X-ray	tomography	characterizing	Li	dendrite	nucleation	on	Li	metal	during	cycling	
demonstrated	the	importance	of	subsurface	microstructural	evolution	leading	to	the	formation	
of	 hillocks	 similar	 in	 structure	 to	 those	 observed	 in	 Sn	 metal	 as	 a	 precursor	 to	 whisker	
growth.[119]	In	the	case	of	Sn,	the	initial	protrusion	of	the	hillock	is	also	driven	by	sub-surface	
microstructural	 evolution,	 which	 extrudes	 material	 from	 the	 surface.	 In	 the	 case	 of	 Li,	
subsurface	deposition	at	 a	 grain	boundary	or	near	a	 second	phase	 inclusion	 can	drive	hillock	
formation.	 Again,	 these	 phenomena	 appear	 to	 have	 common	 origins	 in	 mediating	 stress	
relaxation.	The	key	difference	is	that	in	the	case	of	Li	growth,	the	stress	evolves	from	Li	being	
deposited	below	a	relatively	rigid	oxide	or	SEI	layer.	
	 While	 the	chemistry	and	structure	of	SEI	 layers	are	not	well	understood.	 It	 is	believed	
that	 inorganic	 based	 Li	 salts	 tend	 to	 deposit	 at	 the	 carbon	 surface	 surrounded	 by	 organic	
decomposition	 products.[127]	 Measurements	 of	 SEI	 properties	 through	 wafer	 curvature	
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indicate	that	SEI	can	be	mechanically	strong,	imposing	compressive	stresses	on	the	order	of	0.5-
1	 GPa.[128]	 It	 is	 reasonable	 to	 anticipate	 that	 the	 SEI	 will	 impose	 mechanical	 constraints	
comparable	to	the	thin	oxide	scale	 formed	 in	situ	 in	 the	current	work.	Under	such	conditions	
the	 same	mechanism	would	be	active.	However,	 for	dendrites	growing	 into	 liquid	electrolyte	
additional	 complications	 remain.	 The	 effects	 of	 polarization	 and	 field	 enhancement	 at	 the	
dendrite	 tip	 must	 be	 considered.	 For	 example,	 flowing	 electrolyte	 reduces	 the	 degree	 of	
branching	associated	with	dendrite	growth,	presumably	by	reducing	concentration	polarization.	





Chemical	 additives	 provide	 some	benefits,	 but	 have	 not	 been	 found	 to	 be	 robust	 enough	 to	
provide	protection	over	 large	numbers	of	cycles	without	adversely	affecting	performance.	For	
example,	HF	can	 suppress	dendrite	growth	 for	 several	 cycles.[130]	The	additive	 is	 thought	 to	
promote	the	formation	of	a	relatively	uniform	LiF	based	layer.	Cycling	with	metal	ions	exhibiting	
higher	 reduction	potentials	 suppresses	dendrite	 formation	 through	alloying	effects;	 they	may	
influence	plasticity	or	surface	transport.[131]	Also,	cycling	with	alkali	and	alkaline	earth	metals	
that	 are	 less	prone	 to	dendrite	 formation	also	 suppresses	 Li	 dendrite	 growth.[132]	However,	
the	most	 success	 has	 been	 achieved	 by	 utilizing	 physical	 barriers	 to	 inhibit	 dendrite	 growth.	
Such	 barriers	 may	 be	 produced	 through	 the	 growth	 of	 solid	 electrolyte	 directly	 on	 the	
anode[133]	 or	 through	 contact	 with	 solid	 electrolyte[102]	 or	 by	 utilizing	 stiff	 nanoporous	
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membranes.[103,	 134]	 If	 the	 underlying	 mechanism	 for	 dendrite	 growth	 is	 in	 fact	 diffusion	
mediated	stress	relaxation,	then	it	is	reasonable	to	anticipate	that	the	most	effective	approach	
to	mitigate	their	formation	is	to	mechanically	constrain	the	system’s	ability	to	relax	the	stress	
through	 the	 elimination	 of	 compliant	 phases	 (i.e.	 liquid,	 gel,	 or	 polymer)	 in	 contact	with	 the	
growing	dendrites.	
4.3	Conclusion	
	 In	 situ	 SEM	 was	 used	 to	 characterize	 the	 growth	 of	 Li	 particles	 and	 whiskers	 at	 the	
carbon-vacuum	 interface.	 The	nucleation	 rate	was	used	 to	 extract	 an	 approximate	 Li	 surface	
energy	 under	 conditions	 of	moderate	 vacuum.	More	 importantly,	 the	 effect	 of	 vacuum	 level	
manifest	 itself	 in	 the	 tendency	 for	 the	 Li	 to	 grow	 into	 whiskers.	 The	 observed	 behavior	 is	
consistent	with	whisker	growth	in	other	low	melting	temperature	metals	confined	by	an	oxide	
layer	under	compressive	stress.	The	results	suggest	that	Li	whisker	growth	cannot	be	attributed	
to	 concentration	polarization	 and	 tip	 effects	 alone,	 and	 that	 this	 type	of	mechanism	may	be	





	 Low-cost	 efficient	 energy	 storage	 will	 comprise	 the	 keystone	 to	 a	 sustainable	 future	
energy	infrastructure.	Electrochemical	batteries	possess	the	potential	to	match	currently	unmet	
needs.[25,	53]	However,	 for	many	applications	 in	 transportation	and	 large	 scale	 storage	 they	
still	require	significant	improvements	in	cost,	cycle	life,	and	energy	density.	Overcoming	these	
challenges	 requires	 improved	 insights	 into	 the	 fundamental	 reaction	 and	 degradation	
mechanisms	 that	 will	 inform	 design	 of	 improved	 systems.	 These	 goals	 motivate	 intensive	
efforts	 to	 develop	 improved	 characterization	 techniques	 capable	 of	 elucidating	 new	 insights	
into	battery	function.	Due	to	the	inherent	environmental	sensitivity	of	non-aqueous	batteries,	
particular	emphasis	has	been	placed	on	devising	in	situ	and	operando	characterization	methods.	
This	 includes	 recent	 implementation	 of	 novel	 approaches	 to	 electrochemical	 cycling	 of	
particulate	 based	 electrodes	 while	 performing	 advanced	 imaging	 and	 spectroscopy	 such	 as	
electron	 microscopy[88,	 135],	 X-ray	 absorption	 spectroscopy[89,	 90],	 X-ray	 computed	
tomography[91],	or	neutron	diffraction.[92,	93]	Powerful	surface	spectroscopies	such	as	X-ray	
photoelectron	spectroscopy	 (XPS),	Auger	electron	spectroscopy	 (AES),	and	related	 techniques	
remain	 notably	 absent	 from	 the	 suite	 of	 available	 tools	 to	 characterize	 particle	 based	
electrodes.	While	the	XPS	has	been	applied	to	solid-state	thin	film	batteries,	the	approach	has	
not	 been	widely	 adopted	 due	 to	 challenges	 associated	with	 producing	 thin	 film	 batteries	 of	
arbitrary	chemistry.[94]	An	ideal	electrochemical	battery	for	operando	surface	characterization	
will	 i)	 be	 simple	 to	 implement	 on	 existing	 analytical	 characterization	 infrastructure,	 ii)	 be	




In	 situ	battery	characterization	 follows	 two	general	approaches;	open	cells	and	closed	
cells.	 Closed	 cells	 provide	 the	 most	 ideal	 representation	 of	 commercial	 batteries,	 but	 only	
provide	 a	 solution	 for	 instrumentation	 in	which	 the	mean-free-path	of	 the	 source	 and	 signal	
exceed	 that	 of	 the	 electrochemical	 cell	 size.[82,	 83]	Open	 cells	 enable	 the	 detection	 of	 low-
energy	photoelectrons	 and	Auger	 electrons	 and	 can	operate	 in	 ultra-high	 vacuum.[84]	 These	
techniques	 provide	 valuable	 information	 about	 chemical	 bonding	 and	 composition	 that	 have	
aided	 Li-ion	battery	development	 since	 their	 inception.	Certain	open	 cell	 designs	avoid	 liquid	
electrolyte,	 but	 typically	 do	 not	 function	 well	 electrochemically.[85,	 86]	 Open	 cells	
implemented	with	vacuum	stable	electrolytes	exhibit	representative	electrochemistry,	but	are	
prone	 to	electrowetting	and	 thin	 surficial	 film	 formation,	which	 to	date	has	 limited	 their	use	
with	 surface	 sensitive	 techniques.	 [85]	Here,	we	demonstrate	 an	 ionic	 liquid	based	open	 cell	
design	useful	for	characterizing	commercially	relevant	particle	based	electrodes	across	a	variety	
of	 testing	 platforms	 with	 good	 electrochemical	 control.	 In	 addition	 to	 its	 representative	
electrochemistry,	the	major	benefit	of	the	approach	derives	from	the	fact	that	it	can	be	easily	
adopted	and	implemented	on	existing	infrastructure	with	limited	time	investment	and	cost.	
The	 electrochemical	 cell	 utilized	 in	 this	 work	 isolates	 the	 electrode	 particles	 from	 a	
vacuum	 stable	 ionic	 liquid	 electrolyte	 using	 a	 Li	 permeable	 amorphous	 carbon	 membrane,	
which	is	supported	by	a	metallic	grid.	This	carbon	membrane	prevents	wetting	of	the	particles	
by	the	 ionic	 liquid	while	simultaneous	serving	as	a	 local	current	collector.	The	electrolyte	and	
counter	 electrode	 are	 sealed	 below	 this	 membrane,	 and	 the	 two	 electrodes	 are	 connected	
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through	 the	 external	 circuit.	 CuO	 nanoparticles	 were	 characterized	 as	 a	 model	 conversion	
electrode	 system.	 The	 oxidation	 states	 of	 Cu	 can	 be	 investigated	 readily	 by	 XPS	 since	 it	









its	 redox	 potential	 vary	 greatly	 in	 the	 published	 literature,	 and	 it	 has	 been	 attributed	 to	
different	reactions.[138-140]	The	large	capacity	of	conversion	electrodes	relative	to	commercial	
carbon	 anodes	 (372	 mAh	 g-1)	 motivates	 their	 development.[141,	 142]	 However,	 the	 large	






scrape	 or	 sputter	 the	 surface	 prior	 to	 data	 acquisition.[140]	 Sputtering	 has	 been	 shown	 to	











and	 how	 that	 influences	 the	 resultant	 hysteresis.	 The	 need	 to	 clarify	 the	 fundamental	 redox	
reactions	during	cycling	of	CuO	electrodes	motivates	the	current	study.	
5.1	Results	and	Discussion	
	 Cyclic	 voltammetry	 (CV)	 measured	 in	 situ	 is	 firstly	 shown	 in	 Figure	 5.1.	 Since	 the	
capacities	of	C	and	CuO	are	comparable	in	this	experiment,	the	two	CuO	peaks	and	the	C	peaks	
overlap.	The	peaks	are	more	distinct	when	high	concentrations	are	utilized	(see	Figure	5.2),	but	
we	 avoided	 this	 to	 ensure	 that	 the	material	 fully	 reacts	 on	 the	 timescale	 of	 the	 experiment.	
Nevertheless,	 the	 shape	 of	 the	 CV	 curve	 exhibits	 the	 anticipated	 peaks	 near	 1.2	 and	 0.1	 V	
associated	 with	 reactions	 (1)	 and	 (2).	 The	 cell	 design	 can	 be	 applied	 to	 a	 variety	 of	
characterization	 techniques,	 such	 as	 scanning	 electron	 microscopy	 (SEM),	 XPS,	 or	 AES.	 To	
demonstrate	 the	 function	of	 this	electrochemical	cell,	we	 first	cycled	 it	 in	a	SEM	(Figure	5.3).	
The	volumetric	strain	(≈88%	volume	or	23%	linear	theoretical)	associated	with	Li	insertion	into	
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particles	 and	 provides	 useful	 bonding	 information.	 Figure	 5.5	 provides	 XPS	 spectra	 for	 the	
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al.	 where	 only	 a	 fraction	 of	 the	 Cu2+	 reduces.[137]	 Prior	 ex	 situ	 XPS	 reported	 complete	 Cu+	
formation	 by	 1.4	 V	 vs.	 Li,	 but	 the	 Ar+	 milling	 utilized	 can	 fully	 reduce	 the	 Cu2+	 to	 Cu+.[140]	
Clarifying	 the	nature	of	 this	 first	 reductive	reaction	 is	 important	 to	comprehend	the	chemical	
environment	in	which	the	first	conversion	reaction	occurs,	which	is	critical	to	understanding	the	
underlying	 hysteresis.	 The	 O	 peak	 originates	 from	 both	 the	 particles	 and	 adsorption	 on	 the	
carbon	 (see	Figure	5.6).	The	O	1s	peak	 initially	at	529.6	eV	corresponds	 to	 the	oxygen	 in	 the	
CuO	lattice,	while	the	peak	at	533.6	eV	is	consistent	with	C-O.[140]	The	O	1s	peak	at	532.2	eV	
suggests	the	presence	of	OH-.[146]	Lithiation	at	1.2	V	does	not	significantly	affect	 the	oxygen	














satellite	peaks	are	no	 longer	observable.	 	The	reduction	 in	Cu	peak	 intensity	should	correlate	






The	presence	of	O	 in	 the	carbon	 impedes	compositional	analysis,	 since	 the	XPS	probe	
diameter	is	≈1	mm.	This	motivates	our	use	of	in	situ	AES,	which	has	a	probe	size	of	≈250	nm,	to	
characterize	 the	 composition	of	 individual	particle	 agglomerates.	 Figure	5.7	provides	 the	 raw	
spectra	and	Table	5.1	summarizes	the	results.	The	initial	lithiation	at	1.2	V	only	slightly	reduces	
the	 surface	O	concentration,	 likely	due	 to	 the	 initial	 reduction	 reaction.	 The	 results	 correlate	
well	with	the	XPS	data	where	the	intensity	and	signal	to	noise	during	the	1.2	V	 lithiation	step	
remain	comparable	to	the	pristine	material.	The	 intercalated	Li	signal	 is	not	yet	detectable	at	








Table	 5.1	Quantitative	 AES	 analyses	 of	 the	 atomic	 concentrations	 corresponding	 to	 different	
components.	
	 Delithiation	at	4.5	V	for	8	h	indicates	that	the	reaction	is	partially	reversible.	The	Cu	does	
not	 fully	 return	 to	 Cu2+,	 where	 Cu+	 instead	 dominates	 the	 chemistry.	 We	 verified	 this	 by	
calculating	the	sum	of	the	kinetic	energy	of	the	Cu	L3M45M45	Auger	transition	and	the	binding	














with	 the	 concentrations	 of	 other	 elements	 in	 the	 electrolyte	 (F	 and	 N).	 This	 causes	 us	 to	
conclude	that	its	presence	is	not	due	to	a	thin	layer	of	electrolyte	wetting	the	particles.	Instead,	
it	suggests	that	some	S-	species	that	form	at	the	carbon-film	electrolyte	 interface	exhibit	 long	
range	 diffusion	 and	 partially	 accumulate	 on	 the	 particle	 surfaces.	 While	 the	 S	 chemistry	 is	


















large	 scale	 energy	 storage,	 such	 as	 electric	 vehicles	 and	 grid	 scale	 load	 leveling.[55,	 153]	




ionic	percolation	 to	 the	 rest	of	 the	 system.[156-159]	 Side	 reactions	describe	any	process	not	
associated	with	the	primary	Li	redox	reaction,	such	as	Li	trapping	in	non-active	regions,	loss	of	
active	 electrode	 material,	 gas	 evolution,	 electrolyte	 decomposition,	 and	 chemical	 reactions	
with	packaging	and	current	collectors.[160-162]	While	the	particular	side	reactions	dominating	
capacity	 fade	 vary	with	 electrode	 and	 electrolyte	 chemistry,	 the	 nature	 of	 surface	 chemistry	
and	surface	reactions	underlies	almost	all	of	the	potential	side	reactions.	The	formation	of	solid	
electrolyte	 interphase	 (SEI)	 on	 electrode	 surfaces	 presents	 challenges	 to	 developing	 a	
fundamental	understanding	of	surface	reactions	in	Li-ion	systems.[44]	SEI	formation	is	complex	
due	to	the	fact	that	it	can	result	from	electrolyte	decomposition	associated	with	its	instability	at	
the	applied	potential,	a	chemical	 reaction	at	 the	 inorganic	 surface	 that	 is	 independent	of	 the	











	 LMO	 is	 the	 prototypical	 spinel	 oxide	 cathode	 that	 is	 the	 basis	 for	many	 commercially	
viable	Li-ion	formulations.[165]	LMO	forms	a	thin	SEI	layer,	but	more	importantly	it	experiences	
Mn	dissolution	 during	 cycling.	 The	 dissolved	Mn(II)	 tends	 to	 deposit	 in	 the	 anode	 SEI,	which	
causes	increased	anode	impedance.[166]	Similar	Mn	dissolution	reactions	can	be	active	in	high	
voltage	 Ni-doped	 spinel	 cathodes	 or	 high	 capacity	 Li-rich	 LiMn0.33Ni0.33Co0.33O2	 (NMC),	 which	
has	motivated	significant	effort	focused	on	understanding	and	controlling	the	process.[167]	For	
example,	 it	 is	possible	to	suppress	Mn	dissolution	and	capacity	fade,	by	coating	particles	with	
relatively	 electrochemically	 inactive	 surface	 layers	 such	 as	 graphene,	 Al2O3,	 or	 TiO2.[168]	
However,	this	may	not	be	a	practical	solution	for	commercial	applications.	Electrolyte	additives	
may	 also	 be	 utilized	 to	 stabilize	 the	 SEI	 and	 extend	 cycle	 life,	 but	 no	 solutions	 are	 without	
drawbacks.[169,	170]	Therefore,	 interest	 in	understanding	the	fundamental	surface	processes	
that	 underlie	 the	 phenomena	 remains.	 Despite	 the	 relative	 stability	 of	 the	 SEI	 thickness	 and	
chemistry	 at	 a	 given	 potential,	Mn(II)	 dissolution	 proceeds	 continuously	 during	 charging	 at	 a	









	 A	number	of	experimental	and	computational	 investigations	of	LiMn2O4	SEI	 formation,	
structure,	and	chemistry	have	been	reported.[79,	80,	165,	172-175]	Ellipsometry	suggests	the	
formation	 of	 a	 ca.	 1.5-1.65	 nm	 SEI	 layer	 is	 present	 after	 exposure	 to	 carbonate	 based	
electrolyte	 and	 subsequent	 electrochemical	 cycling.[79]	 Delithiating	 to	 voltages	 >4.4	 V	 also	
alter	 the	 near	 surface	 crystal	 structure	 and	 chemistry	 that	 transforms	 to	 Mn3O4-like	
material.[172]	 In	 situ	 Fourier	 transform	 infrared	 (FTIR)	 spectroscopy	 of	 LMO	 in	 ethylene	
carbonate	(EC)	-diethyl	carbonate	(DEC)	based	electrolyte	indicates	that	during	delithiation	C=O	
and	C-O-C	peak	intensities	increase	rapidly	between	3.9	V	and	4.2	V,	after	which	they	steadily	
decrease	with	 increasing	 voltage.[80]	 This	 differs	 from	 the	 response	 of	 the	 same	 electrolyte	
polarized	against	Pt,	where	similar	peaks	begin	to	emerge	at	4.2	V	and	increase	in	intensity	with	
increasing	 voltage.	 The	 formation	of	 SEI	 on	 LMO	has	primarily	 been	attributed	 to	 electrolyte	
instability	 and	 decomposition.[80,	 165,	 173]	 However,	 the	 stark	 difference	 in	 the	 potential	
dependence	 of	 electrolyte	 decomposition	 on	 Pt	 versus	 LMO	 suggests	 that	 LMO	 surface	
reactions	or	catalysis	must	be	a	major	driving	force	for	SEI	formation.		
Density	functional	theory	(DFT)	calculations	find	that	EC	decomposition	is	favorable	on	
(100)	 surfaces	 in	 a	 variety	 of	 surface	 configuration	 in	 both	 a	 partially	 charged	 and	 fully	





be	 anisotropic,	 however	 the	 DFT	 suggests	 similar	 general	 trends	 on	 (100)	 and	 (111).	 The	
predicted	exothermic	nature	of	 the	 reactions	 is	 consistent	with	 the	 formation	of	 SEI	 at	open	






present	 in	 the	 vacuum	 can	 equilibrate	 with	 the	 LMO	 during	 potentiostatic	 charging	 and	
discharging.	We	 explore	 the	 surface	 chemistry	 and	 chemical	 bonding	 states	 via	 in	 situ	 Auger	
electron	spectroscopy	(AES)	and	X-ray	photoelectron	spectroscopy	(XPS)	at	different	states	of	
charging,	 over-charging,	 and	 over-discharging.	 AES	 provides	 single	 particle	 surface	 chemical	
bonding	 state	 information,	 which	 is	 often	 inferred	 from	 finger	 printing	 methods,	 due	 to	 its	
sensitivity	 to	 the	 core	 level	 energy,	 multiple	 outer	 shell	 energies,	 and	 their	 ionization.	 This	
information	is	also	exploited	to	gain	insights	into	the	Mn	oxidation	states	at	different	potentials	
in	 order	 to	 better	 understand	 SEI	 stability	 and	 the	 mechanisms	 for	 Mn(II)	 dissolution.	 XPS	





	 Cyclic	voltammetry	of	 the	material	 tested	 is	 shown	 in	Figure	6.1and	 is	consistent	with	
reported	 literature.	 In	 situ	 potentiostatic	 delithiation	 and	 lithiation	 steps	were	 performed	 at	
4.05,	 4.3,	 4.6,	 and	 0.1	 V	 using	 10	 wt%	 LiBF4	 dissolved	 in	 EMI-BF4	 electrolyte.	 The	 total	
integrated	 charge	 and	 discharge	 capacities	 are	 0.007	 mAh	 and	 0.006	 mAh.	 Accurate	




V.	 AES	 spectra	 obtained	 from	 a	 series	 of	 LMO	 particles	 are	 shown	 in	 Figure	 6.2.	 The	 same	
particles	were	 characterized	 at	 each	 voltage	 step,	 such	 that	 their	 evolution	 could	be	 tracked	






particles	utilized	 in	 this	 study	are	mostly	 facetted,	with	 (100)	 and	 (111)	 faces	occurring	most	
frequently	 (see	 Figure	 6.4).	 Reactions	 on	 LMO	 surfaces	 are	 reported	 to	 be	 sensitive	 to	






the	 ≈16%	 measured	 in	 the	 pristine	 and	 cycled	 states,	 is	 similar	 to	 the	 14.3%	 expected	 for	
stoichiometric	 LiMn2O4.	As	will	 be	described	below,	 surface	 Li2CO3	accounts	 for	 the	excess	 Li	
measured	in	the	charged	state.	C	concentration	varies	significantly,	increasing	from	10%	in	the	
pristine	 state	 to	 49%	 at	 4.05	 V.	 Cycling	 to	 higher	 voltages	 reduced	 the	 C	 concentration,	 and	
upon	discharge	to	0.1	V	the	concentration	reduces	to	12%.	Some	N	and	B	contamination	(<3%)	
was	also	observed	to	reach	a	maximum	concentration	at	4.05	V	and	decrease	with	 increasing	



































similar	 across	 the	 two	 samples	 demonstrating	 the	 overall	 reproducibility	 of	 the	 experiment.	
Both	samples	cycled	in	LiBF4:EMI-BF4	show	minor	B	and	N	accumulation	on	the	LMO	surfaces	at	
intermediate	potentials.	This	electrolyte	also	contains	fluorine,	which	could	react	strongly	with	
the	 surface.	 However,	 we	 observe	 no	 distinct	 F	 peaks.	 An	 estimate	 of	 the	 compositional	
sensitivity	was	made	by	measuring	the	F	composition	implied	by	the	experimental	noise	at	the	

















	 We	 performed	 similar	 measurements	 in	 10	 wt%	 LiTFSI	 dissolved	 in	 P13TFSI	 (TFSI	






3.0	 V	 were	 104	 mAh	 g-1	and	 95	 mAh	 g-1,	 respectively.	 This	 cell	 is	 much	 more	 reversible	 as	
anticipated	 from	 the	 lower	 overcharging	 voltage.	 The	 chemical	 compositions	 associated	with	
cycling	two	different	electrodes,	one	to	5	V	and	one	to	4.6	V,	with	LiTFSI:P13TFSI	electrolyte	are	
also	 plotted	 in	 Figure	 6.14.	 Overall,	 the	 trends	 are	 similar	 for	 the	 different	 experiments.	
Charging	to	higher	voltages	further	reduced	the	C	concentration	to	≈10%	at	4.8	V	and	5	V.	No	N	


































	 The	 chemical	 bonding	 states	 of	 the	 species	 observed	 are	 of	 particular	 interest	 for	
understanding	the	preferred	oxidation	states	and	segregation	at	LMO	surfaces	as	a	function	of	
potential.	 To	 gain	 further	 insight,	 we	 compare	 high-resolution	 AES	 data	 obtained	 from	 the	
standard	reference	materials	such	as;	Mn2O3,	MnO2,	Li2O,	Li2CO3,	MnCO3,	and	our	amorphous	C	
film	 substrate.	Complete	 spectra	 are	provided	 in	 Figures	6.15-6.16.	AES	dN/dE	peak	energies	
and	shapes	can	be	compared	and	interpreted	on	a	variety	of	bases.[176-178]	Here	we	take	the	
characteristic	 peak	 energy	 as	 the	 most	 negative	 peak	 in	 the	 dN/dE	 signal,	 which	 correlates	
























for	MnO2	also	 falls	at	507.5.	This	 leads	us	 to	conclude	that	 the	surface	chemistry	at	4.05	V	 is	
dominated	by	Li2CO3	like	bonding	and	Mn	at	least	partially	present	as	Mn	(IV).	At	4.3	V,	the	C	
concentration	is	reduced	from	49%	to	23%	and	the	Mn,	O,	and	C	peaks	shift	to	581,	508,	and	









chemistry	 to	 the	 surface	 at	 this	 potential	 without	 manganese	 carbide	 reference	 samples.	
However,	we	 hypothesize	 that	 the	 continuous	 shift	 to	 lower	 kinetic	 energies	with	 increasing	
potential	 is	 associated	 with	 an	 increase	 in	 the	 ratio	 of	 metal-carbon	 to	 metal-carbonate	
bonding.	Surface	carbon	being	present	primarily	as	metal-carbide,	rather	than	carbonate,	may	
explain	why	TEM	based	investigations	did	not	observe	a	surface	carbonate	layer	during	severe	





voltage	 range.	 The	 C	 concentration	 is	 larger	 than	 the	 pristine	 material	 suggesting	 an	
accumulation	 of	 surface	 Li2CO3	 after	 1	 cycle,	 which	 is	 supported	 by	 the	 C	 peak	 at	 ≈267.5.	
Lithiating	to	0.1	V	shifts	the	Mn	and	O	peaks	back	towards	values	more	closely	associated	with	
mixed	Mn(III)	and	Mn(II)	oxides.	The	C	peak	shifts	to	268.5	eV,	and	all	samples	exhibit	C	peak	
energies	 lying	 significantly	 above	 values	 anticipated	 for	 Li2CO3.	 One	 sample	 tested	 using	
LiBF4:EMI-BF4	electrolyte	was	cycled	5	times	before	obtaining	final	Auger	electron	spectra	at	4.3	






obtained	 from	 the	 reference	 spectra.	 The	data	 labeled	 (5)	were	 cycled	 5	 times	 and	 the	data	
labeled	‘Soak’	were	measured	after	soaking	ex	situ	in	commercial	electrolyte.	
	 91	
	 In	order	 to	 confirm	 that	we	can	 resolve	 the	chemistry	of	 individual	particles	 from	 the	
background	carbon,	we	acquired	chemical	maps	of	particles	at	different	potentials	(see	Figure	
6.18).	 The	 individual	 particles	 are	 clearly	 resolved	 with	 relatively	 sharp	 boundaries	 between	
them	and	the	surrounding	carbon.	The	images	show	the	variation	in	C	and	Li	concentration	in	
the	 particles	 as	 well	 as	 an	 accumulation	 of	 some	 Li	 and	 O	 in	 the	 carbon	 at	 intermediate	











	 The	 in	 situ	 AES	 results	 at	 4.3	 V	 were	 somewhat	 ambiguous	 with	 concern	 to	 the	Mn	
oxidation	state,	which	derives	from	a	significant	amount	of	experimental	variation	in	the	data	at	
this	potential.	To	clarify	 this	point	and	as	shown	 in	Figure	6.19,	we	applied	 in	 situ	XPS	 to	 the	







1s	 scans	 are	 shown	 in	 Figure	 6.20-6.23.	 The	 data	 are	 consistent	 with	 the	 AES	maps	 in	 that	
charging	 to	 4.05	 V	 decreases	 the	 total	 amount	 of	 Li	 in	 the	 sample,	 but	 increases	 the	 Li2CO3	
concentration.	By	4.3	V	the	Li2CO3	concentration	decreases,	but	the	changes	in	concentrations	
exceed	 what	 can	 be	 attributed	 to	 LMO	 and	 are	 more	 characteristic	 of	 surface	 reactions	
occurring	on	the	C	support.	This	fact	highlights	the	benefit	of	using	 in	situ	AES	to	characterize	
single	particles.	The	variation	 in	C	 surface	concentration	with	potential	 also	underscores	why	























	 A	 goal	 of	 this	 study	 is	 to	 correlate	 trends	 observed	 from	 our	 in	 situ	 experiments	
performed	 under	 model	 UHV	 conditions,	 with	 the	 behavior	 of	 real	 batteries	 in	 commercial	
electrolyte.	 The	 observed	 Li2CO3	 formation	 and	 decomposition	 as	 a	 function	 of	 potential	
measured	 from	 our	 model	 in	 situ	 electrochemical	 cell	 agree	 well	 with	 those	 measured	 by	




concentrations,	 we	 anticipate	 that	 the	 overall	 C	 concentrations	 should	 not	 be	 dramatically	




LiPF6.	 During	 charging	 the	 C	 compositions	 and	 chemical	 shifts	 match	 those	 from	 the	 in	 situ	




electrolyte	were	 approximately	 equivalent	 to	 the	material	 cycled	 to	 4.05	 V.	We	 hypothesize	
that	during	soaking	in	electrolyte	LMO	oxidizes	the	electrolyte	in	a	manner	similar	to	the	ex	situ	
cell	at	4.05	V	and	the	oxidation	of	gaseous	species	that	occurs	in	the	in	situ	cell	at	4.05	V.	The	
subtle	 differences	 between	 purely	 chemical	 reactions	 associated	 with	 LMO	 resting	 in	
	 100	
atmosphere	 or	 vacuum	 versus	 electrolyte	 indicate	 that	 C	 chemical	 potential	 plays	 a	 role	 in	
organic	 oxidation	 under	 these	 conditions.	 However,	 at	 higher	 potentials	 the	 differences	
become	negligible.	The	Mn	peaks	for	the	samples	cycled	ex	situ	were	all	consistently	at	higher	
kinetic	energies	than	material	cycled	 in	situ.	 It	 is	possible	that	Mn	surface	chemistry,	bonding	
and	oxidation	state,	is	modified	by	brief	exposure	to	atmosphere	during	the	ex	situ	tests.	This	is	
the	 inherent	problem	associated	with	ex	 situ	 surface	characterization;	namely	 it	 is	unclear	 to	





ex	 situ	 in	 commercial	 electrolyte.	 (Soak	 indicates	 that	 the	 electrode	 was	 soaked	 in	 the	
electrolyte	but	not	cycled)	
































































associated	with	CO2	 release	 is	 included,	 Eq.	 (2)	 remains	 favorable	 and	Eq.	 (3)	would	become	
almost	 thermoneutral.	 Although	 we	 have	 not	 pinpointed	 the	 voltage	 range	 associated	 with	
lithation	of	Li0.5Mn2O4	 to	LiMn2O4,	the	 favorable	or	almost	 thermoneutral	oxidation	of	 lithium	
carbonate	with	high	LMO	charge	state	is	consistent	with	the	measurements.	Note	that	the	Li2O2	
and	(cubic)	Li2O2	structures	are	taken	from	Ref.	[182]	and	references	therein.	
	 Regarding	 Mn(II)	 observed	 in	 one	 Auger	 spectra,	 DFT	 calculations	 of	 bulk	 phase	








Fe	 LMM	 peaks,	 so	 the	 data	 does	 not	 include	 this	 species.	 Our	 primary	 interest	 in	 this	 data	
relates	to	the	nature	of	the	interaction	between	C	and	LiFePO4.	Charging	to	3.65	V	changes	the	
concentrations	of	all	elements	most	significantly;	 the	C	concentration	reduces	by	≈1/3,	 the	O	
concentrations	 increases	 by	 a	 factor	 of	 2,	 and	 a	 38%	 reduction	 in	 Fe.	 This	 charging	 step	
corresponds	 to	 the	 electrode	 going	 from	 nominally	 fully	 lithiated	 to	 almost	 completely	








V	decreases	 the	C	 concentration	by	18%	and	 increases	 the	O	concentration	by	a	 comparable	
amount.	This	 corresponds	with	 relithiation,	where	 the	presence	of	 surface	Li	 should	 favor	an	
accumulation	 of	 surface	O.	 At	 this	 point	 the	 C	 peak	 shifts	 to	 268	 eV,	which	may	 correspond	
better	to	Li2CO3	like	chemistry.	The	distinct	differences	between	LFP	and	LMO	demonstrate	that	





Figure	 6.28	 (a)	 LiFePO4	 AES	 spectra	 obtained	 at	 different	 potentials.	 	 Each	 line	 represents	 a	
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C/Mn	 ratio	 of	 3.5	 occurs	 at	 4.05	 V	 and	 decreases	 with	 increasing	 potential.	 Bulk	
thermodynamics	 from	DFT	 predict	 Li2CO3	will	 tend	 to	 decompose	 above	 ≈4.14	 V.	 Consistent	
with	this	calculation,	we	find	a	decreasing	C	concentration	as	potential	is	increased	to	4.2	V	and	
greater.	 The	 results	 are	 similar	 to	 those	 obtained	 from	 in	 situ	 FTIR	 that	 observed	 a	 rapid	
increase	 in	 carbonate	 concentration	 above	 3.9	 V,	 a	 peak	 at	 4.2	 V,	 and	 a	 decrease	 at	 higher	
voltages.[80]	Measurements	 of	 gas	 evolved	 from	 the	 cathode	 alone	 indicate	 that	 CO2	 is	 the	
most	 abundant	 (≈75%),	 CO	 is	 less	 abundant	 (≈23%),	 and	 C2H4	 is	 limited	 (≈2%).[184]	 These	
measurements	 suggest	 that	 the	 initial	electrolyte	decomposition	and	Li2CO3	 formation	occurs	
through	a	reaction	between	its	alkyl	group	and	LiMn2O4,	which	leads	to	the	release	CO/CO2	and	
protons.	 This	 picture	 corresponds	 with	 our	 results	 indicating	 the	 presence	 of	 carbonate	





	 We	 compared	 the	 surface	 chemistry	of	 LiMn2O4	 in	 the	 charged	and	discharged	 states	
after	different	degrees	of	over-charging.	It	 is	well	known	that	during	severe	over-charging	the	
near	 surface	 chemistry	 and	 crystal	 structure	 is	 irreversibly	 altered.[172]	 Nevertheless,	
	 111	
electrodes	 that	 were	 initial	 charged	 to	 5.0	 V	 and	 4.6	 V	 exhibited	 nearly	 identical	 surface	
chemistry	upon	discharging	to	3.0	V	or	severely	over-discharging	to	0.1	V.	Similarly,	after	over-
discharging,	which	also	induces	irreversible	structural	changes,	the	surface	chemistry	returns	to	
similar	 states	 in	 the	 charged,	 4.3	 V,	 and	 discharged	 states,	 0.1	 V,	 even	 after	 5	 such	 cycles.	




with	 in	 situ	 FTIR,	which	 found	 that	 electrolyte	 decomposition	 did	 not	 occur	 on	 LFP	 until	 4.5	
V.[185]	These	values	are	similar	to	impedance	measurements	where	a	resistance	attributed	to	
LFP	cathode	SEI	only	 increases	appreciably	at	4.5	V.[186]	 It	 should	be	noted	though,	 that	 the	
onset	of	electrolyte	decomposition	on	Pt	electrodes	also	occurred	at	similar	voltages.[80]	Our	
experiments	on	LFP	do	not	observe	significant	compositional	changes	in	this	regime	suggesting	
the	 surface	 does	 not	 react	 with	 organics	 in	 the	 vacuum.	 In	 our	 testing	 configuration,	 the	
formation	 of	 carbonate	 requires	 O	 from	 the	 cathode	 particle.	 The	 O	 in	 the	 polyanionic	
phosphate	 is	 less	 likely	 to	 react	 to	 form	 carbonate	 than	 the	 O	 anions	 in	 the	 oxide.	 In	 fact,	
cathode	SEI	on	LiFePO4	 is	not	well	reported	and	 its	formation	 is	not	facile	even	at	 large	over-
potentials.	This	leads	us	to	hypothesize	that	O	near	the	LMO	surface	participates	in	C	redox	and	
is	the	major	driving	force	for	cathode	SEI	formation	on	lithium	metal	oxides.	
	 The	 practical	 implications	 of	 the	 cyclic	 nature	 of	 carbonate	 formation	 and	
decomposition	on	LMO	upon	cycling	are	significant.	Within	a	typical	cycling	range	of	3.0	to	4.3	








coated	 LMO	 no	 surface	 carbonate	 was	 observed	 via	 ex	 situ	 XPS.[187]	 The	 suppression	 of	
surface	carbonate	formation	and	dissolution	could	play	an	important	role	in	affecting	cycle	life.	
6.4	Conclusion	
	 AES	 and	 XPS	 performed	 in	 situ	 with	 electrochemical	 cycling	was	 utilized	 to	 study	 the	
chemistry	of	LiMn2O4	surfaces	equilibrated	in	UHV	at	different	potentials.	The	concentration	of	
surface	carbon	varies	significantly	with	potential,	increasing	during	charging	to	4.05	V	and	then	
















of	 the	 anode	 materials.	 The	 most	 common	 cathode	 material	 is	 LiCoO2	 (LCO)	 which	 was	
developed	 by	 Goodenough	 et	 al.	 in	 1980s,	 and	 it	 is	 still	 the	 basis	 for	 commercial	 cathode	







the	battery	package.	 It	was	also	previously	shown	that	 inevitable	water	 impurity	 in	 the	Li-ion	
battery	 induces	 lithium	 salt	 (LiPF6)	 in	 the	 commercial	 electrolyte	 to	 decompose	 and	 form	HF	
acid.	At	 the	cutoff	voltage	of	4.2	V,	 the	HF	causes	the	dissolution	of	LCO	 into	the	electrolyte,	
and	results	in	capacity	fade	upon	cycling.[194]		
LiNiO2	(LNO)	has	the	same	crystal	structure	as	LCO,	and	the	redox	couple	of	Ni3+	and	Ni4+	
provides	 the	 LNO	with	a	high	 cell	 potential	 of	 about	4	V	delivering	a	 reversible	 rechargeable	
capacity	up	to	150	mAh/g.[195]	This	 is	due	to	the	electron	configuration	of	Ni3+	which	allows	
electrons	 to	 be	 removed	 only	 from	 the	 eg	 band,	 and	 hence	 prevents	 oxygen	 loss	 at	 a	much	
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lower	 lithium	 content.[196]	 This	 indicates	 that	 the	 LNO	 can	 tolerate	 a	 higher	 charged	 state	
compared	to	LCO,	and	more	practical	capacity	can	be	achieved.	However,	LNO	suffers	severe	
crystal	 structure	 distortion	 associated	 with	 Ni3+	 and	 irreversible	 phase	 transformation	 upon	
cycling.[195]	 It	was	also	shown	by	differential	 scanning	calorimetry	 (DSC)	measurements	 that	
LNO	 exhibits	 a	 lower	 thermal	 stability	 at	 the	 delithiated	 state	 (i.e.	 Ni4+)	 indicating	 a	 lower	
decomposition	temperature	and	more	energy	release	resulting	in	safety	concerns.[197]		
Another	 promising	 candidate	 for	 cathode	 material	 is	 the	 spinel	 LiMn2O4	 (LMO).	 As	
discussed	in	the	previous	chapter,	LMO	exhibits	good	structural	stability	during	cycling	because	
Mn3+/4+	 redox	 couple	 is	 chemically	more	 stable	 and	 safer	 compared	with	 Co3+/4+.	 Also,	Mn	 is	
more	environmentally	friendly	and	abundant	hence	cheaper	than	Co.	The	problems	associated	
with	 LMO	 include	 Mn3+	 disproportion	 (Mn3+	 à	 Mn4+(solid)	 +	 Mn2+(solution	 in	 electrolyte))	 in	 the	
appearance	of	HF;	the	instability	of	the	structure	at	the	delithiated	state	with	oxygen	loss;	and	
the	 John-Teller	 distortion	 at	 the	 end	 of	 lithiation	 leaving	 the	 surface	 with	 Mn3+-rich	
configuration.[165,	171,	198]	Moreover,	the	capacity	of	LMO	is	limited	to	120	mAh/g	and	most	
of	the	capacity	fade	occurs	during	the	first	cycle.		
Finally,	 a	new	class	of	 cathode	material	was	born	 in	 the	 time	period	of	2001-2008	by	
partially	replacing	Co3+	with	Ni2+	and	Mn4+	which	leads	to	the	high	capacity	LiNi1/3Mn1/3Co1/3O2	
(NMC)	material.	 Its	capacity	was	measured	to	be	160	mAh/g	when	cycling	between	2.5-4.4	V	





Ni4+	 in	 addition	 to	 the	 redox	of	Co3+/4+,	 and	 the	Mn4+	 ion	has	 the	 role	 to	 stabilize	 the	 crystal	
structure.[50,	200]	The	other	possible	explanation	for	the	exceptional	capacity	is	due	to	partial	
oxidation	of	 the	oxygen	sub-lattice	upon	Li	 removal,	 resulting	 in	 the	 formation	of	peroxo-like	
species	 (O2n-,	 n=1,2	 or	 3),	 which	 has	 been	 shown	 in	 a	 variety	 of	 high	 capacity	 layered-oxide	
cathode	material.[61,	201,	202]	The	problem	associated	with	NMC	is	the	capacity	fade	at	high	
voltage	 regime	preventing	 it	 from	distributing	 full	 theoretical	 capacity	 (275	mAh/g).	Charging	
up	 to	 4.6	 V	 leads	 to	 oxygen	 evolution	 along	 with	 CO	 and	 CO2	 gas,	 resulting	 in	 an	 oxygen	
depleted	surface	structure.[200]	This	could	be	the	origin	of	the	poor	cyclibility	at	high	voltage	





studied	 in	 situ	 from	 open	 circuit	 voltage	 to	 5	 V	 so	 as	 to	 elucidate	 the	 surface	 reaction.	 A	
detailed	 comparison	 of	 surface	 concentration	 and	 peak	 position,	 which	 can	 be	 used	 as	 an	
indication	of	surface	species	and	also	the	oxidation	state	of	each	element,	during	cycling	will	be	
shown	in	the	next	section	and	it	is	beneficial	for	understanding	the	degradation	mechanism	of	
each	 cathode	 candidate.	 It	 also	 provides	 new	 insights	 into	 the	 surface	 reconstruction	 and	
chemical	evolution	on	the	surface	of	the	active	material.		
7.1	Results		
	 The	 in	 situ	 cell	 utilized	 in	 the	 work	 is	 described	 in	 detail	 in	 section	 3.5.	 In	 situ	
potentiostatic	lithiation	and	delithiation	of	LCO	was	performed	at	4.2	V,	4.4	V,	4.6	V,	4.8	V,	5	V	
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and	 0.1	 V	 using	 10	 wt%	 LiTFSI	 dissolved	 in	 P13TFSI	 electrolyte.	 AES	 spectra	 obtained	 from	 a	
series	 of	 LCO	 particles	 are	 shown	 in	 Figure	 7.1-7.3.	 Four	 particles	 were	 being	 tracked	 and	
characterized	at	each	voltage	step	 in	order	to	see	the	surface	revolution.	Figure	7.4	plots	the	
concentration	 of	 each	 element	 including	 C,	 O,	 Co	 and	 S	 at	 each	 potential.	 The	 standard	
deviations	are	plotted	as	error	bars.	The	lithium	content	is	not	shown	due	to	the	overlapping	of	
Li	 KVV	peak	 and	Co	MVV	peak.	 The	overall	 concentration	of	 each	 element	 is	 quite	 constant,	
especially	 the	 carbon	 concentration	 on	 the	 surface	 varies	 less	 than	 10%	 from	 the	 pristine	
particle	 to	 charged	particle	 indicating	 the	 stability	of	 the	 surface	 film.	 Some	S	 contamination	
(<2%)	is	observed	for	all	the	particles	at	voltage	step.	We	anticipated	the	S	mainly	originated	as	
the	low	vapor	pressure	of	the	electrolyte	in	the	vacuum.	In	order	to	correlate	trends	observed	
from	 the	 in	 situ	 experiments	performed	under	model	ultra-high	 vacuum	conditions,	with	 the	
behavior	 of	 real	 batteries	 in	 commercial	 electrolyte,	 the	ex	 situ	 AES	data	obtained	 from	 LCO	
composite	 electrodes	 cycled	 in	 EC-DMC	 1	 M	 LiPF6	 is	 presented.	 While	 brief	 exposure	 to	
atmosphere	could	modify	the	surface	oxidation	states	and	O	concentrations,	we	anticipate	that	
the	overall	C	concentrations	should	not	be	dramatically	affected.		Figures	7.4	includes	the	plot	
of	 electrode	 composition	 charged	 to	 different	 potentials	 measured	 by	 ex	 situ	 AES,	 and	 the	
compositional	variations	closely	mirror	those	measured	 in	situ.	The	only	difference	is	that	the	






















survey	 and	 high	 resolution	 spectra	 are	 shown	 in	 Figure	 7.5-7.7.	 And	 Figure	 7.8	 plots	 the	
concentration	 of	 each	 element	 at	 each	 voltage	 step.	 It	 is	 noted	 that	 the	 S	 concentration	 is	
noticeable	on	the	pristine	material,	and	then	gradually	decreased	as	the	charging	process	took	
place.	 This	 might	 due	 to	 the	 contamination	 from	 the	 ionic	 electrolyte.	 Charging	 to	 higher	
voltages	further	reduced	the	carbon	concentration	from	30%	at	4.3	V	to	≈20%	at	4.8	V	and	5	V.	
The	 Li	 surface	 concentration	 reduced	 from	30.5%	of	 the	 pristine	material	 to	 20.5%	 at	 4.3	 V,	
which	is	consistent	with	the	delithiation	process.	However,	the	surface	Li	concentration	started	
to	increase	while	overcharging	to	5	V.	As	will	be	described	below,	surface	Li2O2	may	account	for	
the	 excess	 Li	 measured	 in	 the	 over-charged	 state.	 Discharged	 to	 0.1	 V	 reduced	 the	 C	
concentration	 and	 increased	 the	 Li	 concentration,	 which	 are	 close	 to	 the	 pristine	 state.	 The	





overcharging.	 The	 Li	 surface	 concentration	 differs	 significantly	 between	 the	 two	 experiments	
and	this	could	be	due	to	the	surface	film	was	being	washed	away	by	dimethyl	carbonate	(DMC)	


























0.1	 V	 increment	 step,	 and	 then	 lithiation	 at	 3	 V,	 using	 10	 wt%	 LiTFSI	 dissolved	 in	 P13TFSI	
electrolyte.	 The	 AES	 survey	 and	 high	 resolution	 spectrum	 is	 shown	 in	 Figure	 7.9-7.11.	 And	







particle	 to	 particle	 variation	 is	 significant.	 The	 C	 concentration	 dropped	 back	 to	 7%	 while	












Figure	 7.10	 High	 resolution	 spectra	 of	 Ni,	 Mn,	 and	 Co	 at	 different	 voltage	 steps	 in	 TFSI	










































































	 The	 chemical	 bonding	 states	 of	 the	 species	 observed	 are	 of	 particular	 interest	 for	
understanding	the	preferred	oxidation	states	and	segregation	at	the	cathode	material	surfaces	
as	a	function	of	potential.	To	gain	further	 insight,	the	high-resolution	AES	data	obtained	from	
the	 standard	 reference	 materials	 such	 as:	 NiO	 peroxide	 and	 NiO2	 (Figure	 7.13);	 Co3O4	 and	
CoCO3	 (Figure	 7.14);	 Li2O2,	 Li2CO3	 and	 Li2O	 (Figure	 7.15),	 were	 compared.	 AES	 dN/dE	 peak	
energies	and	shapes	can	be	compared	and	interpreted	on	a	variety	of	bases.	Here	we	take	the	







4.8	 V	 the	 oxygen	 peak	 shifts	 toward	 a	 higher	 peak	 energy	 and	 indicates	 the	 Li2CO3	 species	
forming	on	the	surface.	Discharging	at	0.1	V	shifts	the	Co	peak	energy	to	769	eV	and	O	peak	to	
508	eV,	which	is	adjacent	to	the	peak	energy	of	Co3O4	species.	On	the	other	hand,	the	Ni	in	LNO	
did	not	 shift	 at	 the	 charging	 voltage	of	 4.3	V.	 It	 stayed	at	 a	peak	energy	of	 838	eV,	which	 is	
coincided	 with	 NiO	 standard	 material,	 indicating	 that	 Ni2+	 is	 the	 dominant	 species	 on	 the	
surface.	 The	 O	 peak	 shifts	 to	 a	 lightly	 lower	 kinetic	 energy	 instead,	 which	 suggests	 the	
formation	of	Li2CO3.	The	surface	concentration	of	Li	 is	relatively	stable	at	and	above	4.3	V	for	














is	 difficult	 to	 definitively	 assign	 a	 dominant	 oxidation	 state	 of	 Ni	 on	 the	 surface	 at	 these	
potentials	without	Ni4+	reference	sample.	However,	we	hypothesize	that	the	continuous	shift	to	
lower	kinetic	energies	with	increasing	potential	 is	associated	with	the	oxidation	of	O	during	Li	
extraction,	 which	 agrees	 with	 the	 prior	 observation	 of	 peorxo-like	 species	 forming	 during	
delithiation.[201]	The	Mn	peak	stays	below	580	eV	 from	3.3	V	 to	5	V,	 indicating	 that	Mn4+	 is	
dominant	on	the	surface.	The	oxygen	peak	of	NMC	shifts	to	lower	kinetic	energy	of	506	eV	at	
3.4	 V,	which	 is	 associated	with	 the	 formation	 of	 Li2CO3.	 The	 peak	 position	 stays	 roughly	 the	

























LNO,	 LMO	 and	 NMC	 surface	 chemistry	 equilibrated	 at	 different	 potentials	 in	 situ	 in	 UHV	




concentration	 on	 the	 LNO,	 on	 the	 other	 hand,	 decreases	 continuously	 at	 the	 over-charging	
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regime,	and	 the	Li2CO3	was	formed	at	a	charging	voltage	of	4.3	V,	 indicating	 the	 instability	of	











Processes	 limiting	 secondary	battery	 cycle	 life	 elicit	 great	 interest,	 since	 capacity	 fade	
constrains	 the	 lifetime	 costs	 of	 energy	 storage	 systems.	 Elucidating	mechanisms	 for	 capacity	
fade	remains	an	ongoing	challenge	owing	to	the	large	phase	space	of	battery	chemistries	and	
cycling	conditions,	difficulty	in	analytically	and	structurally	characterizing	system	evolution	at	all	




stability	 in	 half	 cells.[204,	 206]	 Capacity	 fade	 in	many	 systems	 arises	 from	 the	 loss	 of	 redox	
active	material	 (e.g.	 Li)	 in	 unwanted,	 so	 called,	 “side	 reactions”.	 Capacity	 fade	 sensitivity	 to	
cathode	chemistry	suggests	they	play	an	important	role	in	instigating	side	reactions	that	cause	
capacity	 fade.	 However,	 the	 reactions	 that	 directly	 result	 in	 capacity	 loss	 may	 be	 spatially	
delocalized	from	the	cathode.	One	well	known	example	occurs	in	Mn	containing	cathodes,	such	




The	Mn	 is	 said	 to	 increase	 the	 impedance	 of	what	would	 otherwise	 be	 an	 electrochemically	
more	favorable	SEI.	This	can	lead	to	a	loss	of	accessible	Li	and	degrade	the	overall	capacity	of	
the	 cell.	 Mn(II)	 dissolution	 is	 sensitive	 to	 a	 number	 of	 factors	 such	 as	 potential,	 electrode	
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chemistry,	 and	 in	 particular	H+	 impurities	 in	 the	 electrolyte,	 often	believed	 to	originate	 from	
H2O	 impurities	 absorbed	 during	 processing.[208,	 214,	 218]	 Proposed	 electrolyte	 degradation	
reactions	have	also	been	associated	with	H+	production	(i.e.	deprotonation	of	molecules	such	as	
C3H4O3).[219]	Thus	the	increase	in	anode	SEI	impedance	believed	to	be	critical	in	capacity	fade	
is	 linked	 to	 a	 spatially	 distinct	 cathode	Mn(II)	 dissolution	mechanism,	 which	 in	 turn	may	 be	
sensitive	 to	 electrolyte	 decomposition	 reactions	 occurring	 elsewhere	 on	 the	 anode	 and/or	





in	 situ	 Auger	 electron	 spectroscopy	 (AES)	 and	 x-ray	 photoelectron	 spectroscopy	 (XPS)	 to	
characterize	 the	 evolution	 of	 surface	 chemistry	 and	 bonding	 in	 model	 ultra-high	 vacuum	
environments	 (UHV;	 here	 ≈10-6	Pa).	 The	 approach	 places	 electrode	 particles	 on	 an	 ≈30	 nm	
amorphous	C	membrane	that	serves	as	both	a	current	collector	and	a	Li	permeable	membrane	
that	 isolates	 adjacent	 ionic	 liquid	 electrolyte.	 As	 discussed	 in	 Chapter	 6,	 the	 work	 on	 LMO	
established	 that	 the	 technique	 is	 quite	 reproducible	 and	 that	 surface	 chemistry	measured	 in	









indicate	 that	 CO	 and	 CO2	 primarily	 evolve	 from	 the	 cathode	 with	 few	 alkyl	 groups	
observed.[222]	 Our	 model	 in	 situ	 experiments	 agree,	 suggesting	 that	 oxide	 cathodes	 favor	
oxidation	 of	 the	 alkyl	 group,	 or	 in	 our	 case	 organic	 contaminants	 and	 CO	 in	 the	 UHV.	 The	
second	notable	observation	from	this	work	was	that	the	surface	Li2CO3	decomposed	between	
4.05	 and	 4.2	 V.	 The	 Li2CO3	 formation	 and	 decomposition	 reactions	 occur	 within	 the	 typical	
cycling	 window	 of	 LMO	 and	 each	 process	 is	 anticipated	 to	 evolve	 CO	 and/or	 CO2.	 Half-cell	
experiments	have	been	performed	to	investigate	CO2	reactions	with	electrodes.	Graphite	based	
half	 cells	were	 relatively	unaffected	by	 the	presence	of	CO2,	while	 LiCoO2	half	 cells	exhibited	







Figure	 8.1	 shows	 the	 evolution	 of	 surface	 chemistry	 of	 LiMn2O4	(LMO),	 LiCoO2	 (LCO),	
LiNiO2	(LNO),	Li[Ni1/3Mn1/3Co1/3]O2	(NMC),	and	LiFePO4	(LFP)	during	charging	and	overcharging	
conditions.	 The	C	 to	 cation	 ratio	 is	used	here	as	a	 reasonable	proxy	 for	 changes	 in	 surface	C	
concentration.	 LMO	 and	 LNO	 exhibit	 similar	 behavior	 where	 C	 concentration	 increases	 then	
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decreases	as	voltage	increases.	The	AES	peaks	provide	qualitative	bonding	information	through	
fingerprinting	 (Figure	 8.2).	 Carbon	 on	 both	 LMO	 and	 LNO	 both	 exhibit	 carbonate	 character	
below	4.6	V.	However,	 reduction	 in	C	concentration	occurs	by	decomposition	of	 some	of	 the	
Li2CO3,	forming	gas	(e.g.	CO	or	CO2).	LCO	and	LFP	exhibit	relatively	more	stable	C	concentrations	
(≈25-30%)	with	 increasing	potential.	LFP	never	displays	Li2CO3	 like	bonding	consistent	with	 its	
tendency	 to	 form	graphitic	 surface	 carbons	during	 synthesis.[226]	 LCO	 shows	 less	 Li2CO3	 like	
bonding	above	4.4	V	despite	its	C	concentration	being	more	stable.	This	suggests	CO2	does	not	
evolve	as	readily	 from	Li2CO3	decomposition	on	LCO.	Similarly,	LFP	should	evolve	 less	CO/CO2	
then	 LNO	 and	 LMO	 in	 their	 typical	 cycling	 windows.	 NMC	 maintains	 a	 relatively	 low	 C	
concentration	at	all	 voltages	below	≈4.7	V,	 indicating	 limited	C	oxidation	and	 relative	 surface	
stability,	 which	 in	 this	 range	 will	 lead	 to	 limited	 CO/CO2	 evolution.	 At	 4.7	 and	 4.8	 V	 high	
concentrations	of	C,	bonded	like	Li2CO3,	are	observed.	Time	dependent	measurements	indicate	
that	 the	C	concentration	decays	with	time	at	OCV	at	 these	potentials,	where	O	 loss	 from	the	
lattice	is	well	known	(Figure	8.3).		While	it	is	somewhat	outside	of	the	scope	of	this	paper,	the	
results	 suggest	 the	mechanism	for	O	 loss	 is	C	oxidation	on	the	surface	 to	 form	Li2CO3	and	 its	














































8.4).	 The	most	 significant	 differences	 relate	 to	 the	C	 concentration	measured	 in	 the	 ‘pristine	
state’,	where	the	ex	situ	electrodes	were	initially	processed	in	NMP,	which	can	leave	residual	C.	









or	 a	 related	 CO/CO2	 evolving	 reaction	 involving	 charge	 transfer	 with	 the	 cathode.	 The	
interesting	result	is	that	the	known	relative	cycle	life	of	these	various	electrodes	correlates	well	
with	the	C	surface	concentration	stability	in	the	typical	cycling	voltage	windows	(Table	8.1).	In	
terms	 of	 C	 stability	 NMC>LFP>LCO>LNO>LMO,	 and	 the	 same	 trend	 holds	 for	 cycle	 life	















LiFePO4-C	 2.5-3.7	 96%	 1	M	LiPF6	in	EC:DEC:EMC	(1:1:1,	v/v)	 [227]	
LiFePO4-C	 2.5-4	 92.1%	 1	M	LiBF4	in	EC:DEC	(1:1,	v/v)	 [228]	




NMC-C	 3-4.6	 89.3%	 1	M	LiPF6	in	EC:EMC	(3:7,	wt/wt)	 [5]	
NMC-C	 3-4.4	 98.1%	 1	M	LiPF6	in	EC:EMC(	3:7,	wt/wt)	 [5]	
NMC-C	 3-4.2	 97.8%	 1	M	LiPF6	in	EC:EMC	(3:7,	wt/wt)	 [5]	
LiNiO2-C	 0.7-4	 75%	 1	M	LiN(CF3SO2)2	in	EC:DEC	(1:1,	v/v)	 [231]	
LiNiO2-C	 2-4.6	 66.6%	 1	M	LiPF6	in	EC:DMC	(3:7,	v/v)	 [232]	
LiNiO2-C	 2.6-4.2	 73.6%	 1	M	LiClO4	in	EC:PC	(1:1,	v/v)	 [233]	
LiMn2O4-C	 3.2-4.2	 55.5%	 1	M	LiPF6	in	EC:DEC	(1:1,	v/v)	 [234]	
LiMn2O4-C	 3-4.3	 46.6%	 1	M	LiPF6	in	EC:DMC	(3:7,	v/v)	 [235]	
LiMn2O4-C	 3-4.3	 45.6%	 1	M	LiPF6	in	EC:DMC	(1:1,	v/v)	 This	work	
Table	8.1	Comparison	of	capacity	fade	of	full	cells	measured	in	the	literature.	
	 We	assembled	4-way	Swagelok	cells	and	compared	the	capacity	fade	behavior	of	LMO	





as	 the	 static	 cell.	 Most	 noticeably	 Ar-1%	 CO2	 leads	 to	 rapid	 capacity	 fade.	 A	 factor	 of	 ≈4	
difference	 in	 rate	of	 fade	 is	observed	between	the	cell	with	pure	Ar	versus	Ar-1%	CO2.	These	
















on	 graphite	 versus	 the	 Cu	 model	 utilized	 here.	 For	 example,	 we	 anticipate	 the	 carbonate	
formation	reaction	will	be	exacerbated	by	the	higher	Li	chemical	potential	at	the	active	anode	
particles.	 The	accumulation	of	CO32-	 in	 cells	 containing	CO2	 is	 consistent	with	 the	anticipated	
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chemical	 and	electrochemical	 CO2	 reduction	pathways	 in	 reactions	 4.	 Reaction	4	will	 directly	
degrade	 capacity	 since	 bulk	 Li2CO3	 is	 stable	within	 the	 voltage	window	of	 C	 anodes,	 thus	 its	
formation	 will	 permanently	 remove	 active	 Li	 from	 the	 system.	 Gas	 evolution	 experiments	
indicate	 that	 CO2	 evolves	 each	 cycle,	 consistent	 with	 our	 observations	 in	 LMO	 that	 the	






Figure	 8.6	 Surface	 composition	 measured	 by	 ex	 situ	 AES	 from	 the	 back	 sides	 of	 Cu	 current	
collectors	after	5	cycles	in	a	flowing	Ar-1%CO2,	flowing	Ar,	or	static	cell.	The	Cu	current	collector	
soaked	in	electrolyte	and	the	bare	Cu	current	collector	are	included	for	comparison.	




































that	 the	Li	 trapping	 reaction	does	not	 significantly	affect	electrode	 impedance.	CO2	 improves	
LiCoO2	half	cell	cycle	life.[224]	This	can	be	attributed	to	the	formation	of	a	more	favorable	SEI	
on	Li	metal	through	CO2	reduction.	 In	both	cases,	 trapping	Li	 in	a	stable	Li2CO3	will	not	affect	
cycle	life,	since	the	Li	capacity	of	the	metallic	anode	far	exceeds	the	counter	electrode	capacity.	
Recent	experiments	dosing	LiCoO2-Si	 full	cells	with	CO2	demonstrated	 improved	cycle	 life	due	

























and	 related	 structures,	 reactions	with	 amines,	 etc.[238-240]	We	hypothesize	 that	 integrating	
such	CO2	 ‘getters’	 into	battery	components	could	provide	an	effective	means	 to	extend	cycle	
life.	
8.2	Conclusion	
We	 observed	 that	 C	 surface	 instability	 on	 cathodes	 during	 cycle	 correlates	 with	
measured	 full	 cell	 cycle	 life.	 Since	 the	 C	 instability	 must	 be	 associated	 with	 CO	 and/or	 CO2	
evolution,	we	tested	the	effects	of	these	gases	on	cycle	life	and	found	CO2	degrades	LMO-C	full	
cells.	 The	 relationship	 between	 cycle	 stability	 and	 surface	 C	 stability	 is,	 therefore,	 manifest	
through	CO2	induced	full	cell	degradation.	We	hypothesize	that	the	presence	of	CO2	causes	Li	to	
become	 trapped	 in	 the	 anode	 SEI,	 leading	 to	 the	 loss	 of	 the	 electroactive	 species.	 This	
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